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resumo 
 
 
Os cimentos são materiais complexos, cuja constituição tem variado ao 
longo da história de diferentes civilizações e localização geográfica, devido a 
limitações tecnológicas ou ao condicionamento das matérias-primas 
disponíveis. As crescentes mudanças na natureza do cimento (por exemplo, 
os “blendings”), os requisitos apertados de controlo de qualidade assim 
como as imposições ambientais (por exemplo e o controlo das emissões de 
CO2), aumentaram a complexidade tecnológica dos cimentos. 
Neste trabalho foi proposta uma abordagem termodinâmica aos processos 
físico-químicos associados aos cimentos. Foi desenvolvida uma 
metodologia particular para a construção de diagramas não-convencionais 
que servem de guias para processos relevantes na química do cimento, 
nomeadamente a clinkerização, hidratação, carbonatação e degradação 
térmica, dando ênfase aos cimentos Portland. Diagramas construídos à 
base de actividades químicas descrevem adequadamente interacções entre
as fases constituintes do cimento e os efeitos exercidos por gases presentes 
na atmosfera, em particular, o CO2 e a humidade atmosférica. As 
representações de diagramas em função de razões entre actividades 
permitem uma fácil visualização das condições de estabilidade de fases e 
também são indicativas da reactividade, tendo em conta que a força-motriz 
para os processos físico-químicos resulta de diferenças ou gradientes de 
potencial químico e correspondentes diferenças de actividade. 
Embora estes diagramas sejam uma ferramenta útil e interessante para 
analisar as interacções entre materiais cimentíceos e o meio envolvente, a 
cinética pode implicar tendências algo diferentes das previsões 
termodinâmicas. Contudo, essa avaliação cinética tornar-se-ia muito mais 
complexa e fora do alcance do presente trabalho, sobretudo tendo em conta 
a sua duração e meios disponíveis. 
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abstract 
 
Cements are complex materials. Their compositions have varied in history 
and location for different civilizations, mainly due to technologic limitations 
and/or available raw materials. Recent changes in raw materials (e.g., 
blendings), requirements of tighter quality control and environmental 
concerns (e.g., the green house effect of CO2) imposed additional 
technological requirements in industrial production of cements. 
In this work, it is proposed a thermodynamic analysis for physicochemical 
processes occurring in cements. One developed an alternative method for 
thermodynamic predictions of non-conventional stability diagrams, and used 
these diagrams as guidelines to interpret relevant phenomena, including 
clinkerization, hydration, carbonation and thermal degradation of Portland 
cements. Such diagrams are based on chemical activities, and are well 
suitable to describe interactions between phases present in cements and 
atmospheric gases, with emphasis on CO2 and humidity. The actual 
representation of stability diagrams versus relevant activity ratios allows 
ready analysis of stability conditions for every phase, and also provides 
guidelines for their reactivity, taking into account that the driving-force for 
physicochemical processes is related to chemical potential differences or 
gradients, and corresponding activity differences. 
Though these stability diagrams are useful to analyze phase interactions in 
cements and interactions with the surrounding environment, kinetics may 
impose somewhat different trends, rather than the expected thermodynamic 
predictions. However, kinetic analysis is much more complex and well 
beyond the scope of this work, due to limitations imposed by short duration 
and available means. 
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1. Introduction 
Portland cement is the most common used cement today. Over the past years, 
its worldwide production continuously increased and in 2008 was estimated in 2.6 
billion tons, the equivalent to 380 kg per habitant [1, 2]. Thus, it proves to be one 
of the most reliable economical materials and a fundamental ingredient on 
construction and in concrete1 and mortar2 formulations. 
Portland cement is a powdered binder composed by calcium silicates, 
aluminates and ferrites. Due to a hydraulic chemical nature, one knows that mixing 
a cement powder with water yields a hardened product of high compressive 
strength [1]. Yet, deeper knowledge over cement chemistry may provide solutions 
that yield economical, environmental and even mechanical benefits. 
 
1.1 Portland cement production: a state of art review 
Fig. 1.1 shows a typical diagram of a cement plant identifying the fundamental 
stages of the production [1]. 
 
 
Legend: 
1- drill 
2- bulldozer 
3- transport truck 
4- crusher 
5- hopper 
6- mill 
7- storage and 
homogenization silos 
8- conditioning tower 
9- electro-filter 
10- rotary kiln 
11- cooler 
12- coal silos 
13- clinker store 
14- sleeve filter 
15- cement silos 
16- rotating baggers 
17- bag expedition 
18- bulk expedition 
19- stacking 
Fig. 1.1: flow diagram for the production of Portland cement [1]. 
   
The production starts with a first grinding and pre-homogenization of a mixture 
of limestone and clay materials, extracted from a nearby quarry. Other similar 
1concrete:  construction material composed of cement, aggregates, water and other cementitious materials. 
2mortar: workable paste formed by mixture of cement, water and fine aggregates. 
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reactive materials can be also employed, e.g., marl and chalk as lime (CaO) 
sources, sand, shale and iron ore as silica (SiO2), alumina (Al2O3) and iron (Fe2O3) 
sources.  
The raw-mix is then dried and thinly grinded till obtain a powder of high 
reactivity, homogenized inside a dry mill [1, 3, 4].   
The firing process needs an intermediate step to prepare the fuel. Since most 
common fuels used in this industry are coal and oil coke, both need a preliminary 
grinding to allow its injection and ignition to the kiln, optimizing the heat profile [1, 
3]. Fuel preparation and burning are undoubtedly two significant sources of 
environmental harm, contributing with 40% to the total of greenhouse gas 
emissions of the industry [7].  
Clinkerization, or clinkering, is the name given to the firing process due to the 
transformation of the raw-mix in a nodulized material - the clinker. At the end of 
this stage, it is possible to find the mineralogical components of cement. The 
powder first enters a heat exchanger (cyclone tower) in counter-current with the 
gas flow coming from the kiln at a temperature of about 850ºC, that initiates the 
process of decarbonation. Inside a declined kiln (fig. 1.2 a), to help the outflow of 
material, clinkering reactions occur at temperatures that can go up to 1500ºC. The 
material is then cooled abruptly with cold air (fig. 1.2 b), to stabilize metastable 
phases and to recover partial thermal energy [1, 4]. 
 
 
 
Fig. 1.2: photography of a clinkerization plant (a) and a clinker cooler (b) [1]. 
 
Clinkering is other source of pollution with 50% of total greenhouse gas 
emissions [5]. Such numbers make cement industry responsible for 5 to 10% of 
a b 
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global carbon dioxide emissions annually generated. It has been estimated that 
about 1ton of carbon dioxide is produced per ton of cement; so, 1.7ton of raw 
materials have to be consumed to just produce 1ton of cement [6]. Due to the 
harmful nature of the production process, environmental concerns press producers 
to reduce gas emissions. Solutions undergo lowering specific energy 
requirements, namely, optimizing the process technology, using alternative fuels 
and raw materials, introducing supplementary cementitious materials (SCM) to 
minimize the use of clinker and promoting CO2 capture for in use cements [5, 6]. 
Ordinary Portland cement (OPC) is then obtained by milling the clinker with 
minor contents of hardening retarders (0-5%), usually gypsum (CaSO4.2H2O) or 
just calcium sulfate (CaSO4), to extend the workable period of the cement. Other 
additives can be milled along with the clinker (e.g., limestone “filler3”, fly ash, steel 
slag, etc), leading to distinct types of Portland cement, that are approved by 
standards [1, 3, 4]. Classification is thus achieved regarding both composition and 
mechanical parameters. According to European and British Standards, Portland 
cement is classified as Class 42.5, meaning that it has to have at least a 
compressive strength of 42.5MPa at a 28-day trial [3]. The American Society for 
Testing and Materials (ASTM) has similar specifications, although it classifies 
Portland cement as Type I or II [3]. In Portugal, the standard NP/EN 197-1 defines 
Portland cement as CEM I, II or pozzolanic4 cement CEM IV (table 1.1). 
 
Table 1.1: description of the main types of Portland cements, currently in production [4]. 
Main Constituents (weight %) 
Clinker Limestone Silica Fly Ash Designation Types of Cement 
K L V 
Minor 
Components 
(weight %) 
CEM I Portland Cement CEM I 95 - 100 - - 0 - 5 
CEM II/A-L 80 - 94 6 - 20 - 0 - 5 
CEM II 
Limestone 
Portland 
Cement CEM II/B-L 65 - 79 21 - 35 - 0 - 5 
CEM IV Pozzolanic Cement CEM IV/A 40 - 64 - 11 - 35 0 - 5 
Designation NP/EN 197-1 for the major components of cement: percentage of the principal constituents (A; B); clinker (K); 
limestone (L ); silica fly ash (V). 
 
 
3Filler: material added to cement for the primary purpose of increasing the yield of the mix. 
4Pozzolan: primarily vitreous siliceous materials which react with calcium hydroxide to form calcium silicates. 
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1.2 Chemistry of Portland cement 
 
1.2.1 Clinkering reactions 
During clinkerization, the principal reactions taking place can be divided in 
three groups: 
1. Reactions below 1300ºC: limestone and clay minerals decompose in order 
to form a di-calcium silicate called belite (C2S), a tricalcium aluminate, 
normally called as simply aluminate (C3A) and a calcium aluminoferrite, 
known as ferrite (C4AF). A small amount of liquid is formed to promote 
further diffusion reactions. 
2. Reactions between 1300 and 1500ºC: a melt forms from C3A and C4AF. 
Great part of C2S reacts with free CaO, to yield a tricalcium silicate called 
alite (C3S). The material then nodulizes to form the clinker, which may be 
observed in fig. 1.3 b. 
3. During cooling, the liquid crystallizes with a composition mainly formed by 
C3A and C4AF. Undesirable polymorphic transitions can occur in C3S and 
C2S structure, controlled by the cooling rate [3, 4, 7]. 
In fig. 1.3 is possible to see a scheme with the traditional course of reactions 
taking place at the clinkering kiln, along with an estimation of the content of the 
minerals formed. 
 
 
 
Fig. 1.3: schematic diagram of the progress of clinkerization (a) and image of the nodules formed inside the 
clinker kiln (b) [3]. 
 
For CEM I Portland cement, the mineralogical composition is generally within 
the following limits: 50-70% C3S, 15-30% C2S, 5-10% C3A and 5-10% C4AF 
a b 
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(percentage by mass). Chemical and mineralogical compositions of different 
commercial Portland cement clinkers are presented in table 1.2 [45]. 
 
Table 1.2: chemical and mineralogical compositions of Portland cement clinkers [45]. 
Chemical composition (% by mass) Potential compound composition (%) * 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O Free CaO LOI C3S C2S C3A C4AF 
21.92 6.09 2.69 65.64 2.13 0.21 0.46 0.06 0.22 0.72 55.87 20.70 11.59 8.19 
22.07 3.98 4.41 64.52 1.39 2.03 0.68 0.20 0.31 0.26 61.88 16.59 3.09 13.42 
20.87 6.24 2.65 65.01 1.48 1.26 1.03 0.64 0.49 0.65 60.33 14.31 12.05 8.06 
21.17 6.23 2.86 65.51 0.70 0.41 0.78 0.40 0.11 0.70 59.86 15.54 11.67 8.70 
*Based on the European Bogue Calculation (a standard method based on the elemental composition of the clinker), which 
calculates the potential phase composition and predicts the relative amounts of the four major clinker phases: 
C3S = 4.0710CaO - 7.6024SiO2 - 1.4297Fe2O3 - 6.7187Al2O3 
C2S = 8.6024SiO2 + 1.0785Fe2O3 + 5.0683Al2O3 - 3.0710CaO 
C3A = 2.6504Al2O3 - 1.6920Fe2O3 
C4AF = 3.0432Fe2O3 
 
1.2.2 Carbonation inside the clinker kiln 
Carbonation of Portland cement at room temperature is not considered a 
problem due to the formation of calcium compounds that limit the availability of 
lime [5]. However, spurrite ( CSC 25 ), a carbonated form of C2S, has proved to exist 
sometimes attached to the walls of the clinker kiln. Experiments on this subject 
have confirmed that it is a stable phase at very low CO2 pressures and can be 
yielded at temperatures over 430ºC; a bad milling stage and silica-rich raw-mixes 
can increase the time necessary for lime and silica to react at the decomposition 
zone, contributing to the formation of spurrite [8]. It is commonly found in belite-
rich cements (e.g., Roman cements), but its amount seems to decrease by 
increasing the calcination temperature, and it is expected to disappear over 950ºC 
[9]. In rich-sulfate atmospheres, conditions are prone for sulfate reactions that may 
instead lead to the formation of a sulfate spurrite ( SSC 25 ) [10]. 
  
1.2.3 Hydration of Portland cement 
Hydration is the process by which cement hardens, as a result from reactions 
between calcium silicates, aluminates and ferrites with water. It is a complex 
process influenced by factors such as cement permeability, porosity or 
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water/cement ratio (ratios usually vary between 0.3 and 0.6) [6, 7, 11]. Their 
influence is manifested physically by how plastic cement is when placed and how 
strong and durable it becomes [11]. 
Fig. 1.4 shows the hydration progress of the main phases of Portland cement, 
followed by a brief description of their role to the overall process.  
 
 
Fig. 1.4: hydration kinetics of the main phases of Portland cement, at room temperature [3]. 
 
It is visible that C3A reacts very quickly with water. This fast reaction is called 
“flash set”, virtually completed in the first twenty four hours and accompanied by 
the release of a high amount of heat. The hydrated products formed from this 
exothermic reaction are C2AH8 and C4AH13,  
heat)(AHCAHC21HA2C 134823 ++++⇔+     (1. 1) 
however both are thermodynamically unstable and convert to a more stable phase 
called hydrogarnet (C3AH6), according to the reaction [4, 7], 
9HAH2CAHCAHC 6313482 +⇔+       (1. 2) 
The hydration of C3A alone is considered undesirable because it reduces 
drastically the workable period for the application of cements. To counter-work it, 
CaSO4 or CaSO2(OH)4 is usually added to the clinker. Their presence will reduce 
the kinetics of the hydration reaction in the first few hours, as shown in fig. 1.5 [3, 
15, 17]. 
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Fig. 1.5: hydration progress of tri-calcium aluminate [15]. 
 
When calcium sulfates are available to react with C3A and water, it is rapidly 
yielded a new hydrate product called ettringite ( 3236 HSAC ) [7, 13, 15], 
heat)(HSAC32HS3CAC 32363 +++⇔++     (1. 3) 
which, in an early stage, is dispersed in the cement matrix covering superficially 
the grains of the remaining phases. This action allows the formation of a layer that 
acts has a water-resistance barrier, reducing the hydration rate and delaying the 
setting of the cement [4, 6, 7]. 
Nevertheless, if calcium sulfates are completely consumed and C3A is still 
available, it can slowly react with ettringite to form another hydrated phase called 
monosulfoaluminate ( 124 HSAC ) [3, 6, 7], 
12432363 HSA3C4HHSACA2C ⇔++      (1. 4) 
which can incorporate impurities and is vulnerable to sulfate attack [15, 17]. 
Although not shown in fig. 1.4, mayenite (C12A7) is another calcium aluminate 
that can be pointed out in Portland cement compositions, influenced by the 
clinkering cooling rate and room humidity [4, 6]. In contact with water, mayenite 
rapidly forms C2AH8 that also gradually converts in C3AH6. If free alumina is 
available in the composition, it can also yield crystalline gibbsite (AH3) [4, 7]. 
Fig. 1.4 shows that C4AF reaction with water is slower than the reaction of C3A, 
which can be beneficial for cement resistance to sulfate attack [3, 7, 15]. C4AF 
hydrates are similar to the ones resulting from C3A hydration, however including 
the possibility for substitutions between aluminum and iron. 
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C3S is a metastable phase that decomposes in C2S and CaO, during clinker 
cooling at temperatures below 1250ºC. Therefore energy requirements are usually 
bigger (higher clinkering temperatures) and high cooling rates are necessary to 
employ in order to stabilize its structure [4, 6, 14]. Nonetheless, C3S reacts 
relatively quickly with water (fig. 1.4) and is the main responsible for strength 
development at ages up to 28 days [12]. Normally, it is expected that about 70% 
C3S reacts within 28 days and the rest in over a year [6, 13]. It is because of such 
characteristics that it is most indispensable in Portland cement compositions.  
C2S can be found in Portland cements wholly or largely as the β-polymorph 
naturally occurring larnite [3, 6]. If not stabilized, there is the tendency to form γ-
C2S polymorph, more stable at room temperature but with no hydraulic potential 
[4, 7]. Fig. 1.4 shows that β-C2S reacts slowly with water, contributing little to 
strength of cement in the beginning but substantially at later ages. It is expected to 
reach the same degree of hydration as C3S in about a year [3, 6, 7]. 
Both reactions of C3S and C2S with water yield calcium silicate hydrates, 
according to the exothermic reactions, 
heat)(CHH-S-CHSC2 ++⇔+      (1. 5) 
heat)(CHH-S-CHSC3 +++⇔+      (1. 6) 
The common notation C-S-H indicates that there is no strict ratio between Ca 
and Si, however experimental data often places values between 0.8 and 1.8, with 
bigger variations on water content [4, 14]. Calcium silicate hydrates are the main 
source of cement strength due to proximally 65% of covalent-ionic and 35% of Van 
der Waals bonding and represent 50 to 60% of the solid volume of the hydrated 
paste [3, 15]. Calcium hydroxide named portlandite (CH) is also formed in the 
reaction as a result of a Ca/Si ratio inferior in the calcium silicate hydrate than in 
the original anhydrous calcium silicates, releasing calcium that promptly reacts 
with water. It occupies 20-25% of the solid volume of the hydrated paste and has 
an important role in keeping the pore solution alkaline, within pH values between 
12.4 and 13.5, which enables all reactions with water [4, 5, 9]; though portlandite 
has a negative effect on the durability of Portland cement, especially in sulfate-rich 
environments [7, 13, 16]. Since C2S produces less portlandite than C3S, belitic 
cements are more durable in these environments. 
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Figure 1.6 shows the nature and morphology of the mentioned hydrated 
products, identified by scanning electronic microscopy (SEM). 
 
 
Legend: 
1- C-S-H overlapping leaves 
2- Portlandite plates 
3- Ettringite needles 
Fig. 1.6: microstructure of a hydrated Portland cement [3]. 
 
There can be also minor components on clinker compositions, in general 
combined with the main phases. Their presence is normally attributed to impurities 
on the raw materials or to intentional addition as mineralizers. CaO and MgO are 
commonly present in small proportions (less than 1% and <2%, respectively) 
resulting from an excess in the mixture formulation or unadjusted firing conditions 
(low clinkering temperature or short residence time). Above concentration 
limitations, it is possible to have slow hydration accompanied by destructive 
expansive phenomena, cracking and lost of mechanical properties [3, 4, 6]. 
Sulfates have also specific limitations (3-5%), since their excessive concentration 
can cause cement expansion or chemical attack by the already shown reactions 
with aluminum oxide containing phases [3, 7, 16]. Alkaline sulfates (e.g., K2SO4, 
Na2SO4 and K2Ca2(SO4)3) can be also present and, due to their immediate 
dissolution in water, enable the formation of sulfate hydrates [4, 16]. Within a 2% 
limit, K2O and Na2O favor the mechanical properties of the cement by acting on 
the pH pore solution, accelerating hydration in an early stage but decreasing 
mechanical resistance after long periods of time [4, 7]. 
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1.2.4 Kinetics of the hydration process 
Since hydration is associated with the release of heat, investigation of the 
kinetics of the process may be done by measuring the amount of heat of 
hydration. Fig. 1.7 shows a typical curve of the amount of heat liberated as a 
function of time, during the hydration of an ordinary Portland cement. It is possible 
to observe the division of the curve in five different stages further detailed. 
 
Fig. 1.7: hydration heat evolution of an ordinary Portland cement [24]. 
 
Immediately after contact with water, there is quick dissolution of species and 
hydration process is under way. At stage 1, minor components of alkali sulfates 
dissolve completely within few seconds, producing an alkaline sulfate-rich solution. 
Calcium aluminates also react quickly with water to form an aluminate-rich gel (fig. 
1.8 b); it further reacts with the sulfate solution in order to form ettringite that 
precipitates at the particles surface [3, 6, 7]. In this period, C3A degree of hydration 
varies between 5 and 25% [3, 7]. 
 
 
Fig. 1.8: anhydrous cement particle (a) suffering hydration at stage 1 (b) [24]. 
 
a b 
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Ferrite reacts in a similar way, also yielding ettringite. The early reaction takes 
only a few minutes but it slows down for a few hours due to the barrier of hydrates 
built at the grains surface that difficult the access of water to inner areas of the 
particles. In this pre-induction period, only a small fraction of calcium silicates 
reacts with water, varying between 2 and 10% [6]. 
At stage 2 – the dormant period – calcium silicates slowly dissolve, adding 
calcium to the solution (fig. 1.9). At this moment, the cement paste can be 
transported, placed and finished [3, 6]. 
 
Fig. 1.9: particle dissolution in stage 2 [24]. 
 
In stage 3 the solution turns supersaturated; hydration accelerates and 
nucleation and growth processes occur. The rate of C3S hydration increases while 
C-S-H forms and portlandite precipitates. C2S hydration also becomes noticed. 
“Initial set” is the point from which enough C-S-H and CH mesh together causing 
the cement stiffening and gain of strength. “Final set” occurs when cement is hard 
enough to walk over. Needle-like ettringite crystallizes at the C-S-H surface as the 
sulfate concentration decreases (fig. 1.10) [3, 6, 7]. 
 
Fig. 1.10: hydration progress at stage 3 [24]. 
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In stage 4, hydration rate slows down as non-react material becomes 
unavailable, and the process is diffusion-controlled. The buildup of C-S-H and 
portlandite starts to limit access of water to the cement (fig. 1.11). The contribution 
of C2S increases with time and, consequently, the rate of portlandite formation 
declines. In the absence of sulfates, any remaining C3A then reacts with ettringite 
to form monosulfate [3, 6, 7, 12]. 
 
Fig. 1.11: hydration limitations at stage 4 [24]. 
 
Finally, at stage 5, belite hydration has a bigger impact in cement and 
continues for long periods of time [7]. 
Analyzing the influence of temperatures below 100ºC in the hydration rate, it 
seems to increase with increasing heated environments, although it becomes less 
pronounced with the progress of the process. Among individual clinker minerals, 
only C2S was found to hydrate more rapidly with temperature, even after some 
months [3, 7]. Above 100ºC, hydration is only achieved in autoclave in saturated 
steam atmospheres. 
 
1.2.5 Degradation of Portland cement 
Durability can be defined as the ability to resist changes imposed by a service 
environment. If cement is put in contact with aggressive agents such as vessels 
containing sulfate-rich materials, buried in sulfate-containing soils or by long-term 
geologic carbon dioxide sequestration, the risk of degradation is greater. Typical 
applications like housing and hydraulic structures are also open to acid attacks 
mainly from human activity (e.g., factory pollution, electricity generation and motor 
vehicles) and by aggressive action of brine solutions [3, 19]. As mentioned earlier, 
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interaction between cement and sulfate-rich environments can yield 
monosulfoaluminate from ettringite. This conversion from a high density phase to a 
lower one may result in expansion and cracking phenomena; consequently, the 
cracking opens up new connected porosity that increases the penetration of 
sulfate into the cement paste [7, 16]. Carbonation is another way to affect the 
durability of cement. It occurs whenever atmospheric carbon dioxide, normally with 
higher concentrations than normal conditions, penetrates the cement and reacts 
with portlandite, accordingly to the reaction: 
HCCCCH +⇔+         (1. 7) 
The depletion of calcium hydroxide reduces the pH of the pore solution to 
values as low as 8.5 and increases the risk of steel corrosion in building 
structures. Although, it is a slow process that depends highly on the relative 
humidity of the cement; such type of degradation is often verified in structures 
shaded from the sun and exposed to rainfall [7]. 
Pure water can also dissolve calcium hydroxide and leach lime from the placed 
cement, enabling deterioration for length periods. Such harmful action is increased 
in the presence of carbon dioxide, due to reactions between dissolved carbon 
dioxide and calcium hydrated phases of the paste that lower the pH pore solution 
[16]. Fig. 1.12 presents a proposed degradation mechanism introduced by several 
authors [19, 20, 21]. 
 
 
Fig. 1.12: propagation of a front of carbonation (a) and SEM microstructure of carbonated cement identifying 
the same distinct attacked regions (b) [19]. 
 
1 2 3 a b 
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The dissolved carbon dioxide first reacts with water to form a carbonic acid 
phase ( 32COH ), associated to pH values around 3. 
CHHC ⇔+          (1. 8) 
As the carbonated water diffuses into the cement matrix, portlandite dissolves and 
reacts with the carbonic acid to form calcite (CaCO3) (fig. 1.12 a, zone 2) [19, 22]. 
HCCCHCH +⇔+         (1. 9) 
This carbonated phase can provide a temporary protection as a less permeable 
barrier to the acid attack. However, once calcium hydroxide is depleted (fig. 1.12 
a, zone 1), calcite also begins to dissolve and equilibrium pH decreases severely 
to values around 6.0. At this point, calcium silicate hydrates and other remaining 
anhydrous components progressively dissociate to very low Ca/Si ratios, ultimately 
yielding amorphous silica gel of high porosity (fig. 1.12 a, zone 3) [20, 21]. 
Therefore, degradation of the principal binding phase leads to strength loss. Also, 
the decrease of the pH in the vicinity of steel reinforcements is a more immediate 
problem once a pH greater than 10.5 is thought to preserve a passive film on the 
steel, protecting it from corrosion [19, 20, 22]. At this point, it seems clear that 
cement is degraded by carbon dioxide exposure; though, studies around the case 
indicate that the process moves slowly and so long-term assessments should be 
done to better understand the kinetics of the process with even years passed. 
Factors like water/cement ratio and composition are also thought to play an 
important role on these interactions [21]. 
Thermal degradation is also an investigated issue. In recent years the 
performance of cement-based materials has come to forefront in fire safety 
assessment of tunnels and high rise buildings. It is indeed necessary to address 
the behaviour of cement in these situations. Testing shows that sever increases of 
temperature have a negative effect on cement properties, especially because of 
an increase in the porosity and permeability. The physical changes observed can 
be divided in three different moments: 
1. Loss of free water at about 100ºC and the dehydration of the main hydrates 
between 100 and 200ºC; the decomposition of calcium hydroxide is 
expected at about 450ºC and, at 573ºC, there is the polymorphic transition 
of quartz α to β-form; 
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2. The volume and surface of pores increase till temperatures of 
approximately 500ºC, decreasing with further rise of temperature. 
Decomposition of calcite occurs at temperatures up to 1000ºC. Chemical 
processes result in pore pressures which increase the pore structure and 
affect the permeability and diffusivity of cement; 
3. The temperature gradients upon rapid heating can cause thermal stresses 
that may lead to dehydration and shrinkage of the cement matrix [18]. 
Several trials on fire resistance of cement structures have been carried out in 
Britain and USA. Results show that even the most resistant concretes fail if 
exposed for considerable times to temperatures exceeding 900ºC, although 
suffering serious reductions in strength above 600ºC. Up to 300ºC, some cements 
show small loss in strength but, by 500ºC, this value can reach 50% or more. One 
can conclude that, if continuously exposed to heat, any cement undergoes gradual 
breakdown at temperatures below 600ºC. [7]. 
 
1.2.6 Waste use in blended cements 
Blended cement is a Portland cement partially replaced with supplementary 
cementitious materials (e.g., fly ash, silica fume, etc). They are classified as CEM 
IV pozzolanic cement (table 1.1). The basic underlying problem in traditional 
Portland cement is its high permeability that allows easy diffusion of water and salt 
causing premature degradation. Blended mixes can reduce the permeability by a 
factor of 10 or more, therefore dealing with problems such as corrosion, cracking, 
sulfate attack and carbonation. Their introduction in the paste reduces large pore 
volume and the amount of calcium hydroxide which does not contribute to strength 
development and is a source of degradation. Chemically, supplementary materials 
react with the calcium hydroxide released from the hydration of Portland cement to 
produce higher contents in calcium silicate hydrates. As expected benefits, the 
incorporation of finely divided particles into the cement mix tends to improve 
workability with a reduction in water expense. It is also verified a general increase 
in the physical properties of the blending; a bigger resistance to thermal cracking 
is obtained due to the lower heat of hydration produced. These replacements have 
also a great environment impact since the CO2 emissions can be reduced by a 
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similar quantity of Portland cement replaced [5, 23]. Since environmental 
questions related to the industry have been unquestionably a problematic issue, 
by incorporating silica-rich waste materials, blended cements have reached the 
attention of cement producers and, in general, the world of today. 
 
1.2.7 Characterization of cements 
Some evidences on chemical and physical occurring in cements were 
presented; such can be achieved by different experimental methods. Though this 
work does not have much of a laboratorial component, it will compare some 
findings with experimental data available in the literature; thus a presentation of 
commonly cement characterization techniques is appropriate: 
• X-ray diffraction (XRD) and fluorescence (XRF) analysis are used 
techniques, even at the industrial scale, to identify the various phases 
present in cement, at different stages [25]; 
• Hydration evolution can be directly evaluated by SEM or energy-dispersive 
X-ray spectroscopy (XR-EDS) and indirectly by hydration heat 
measurements (e.g., DTA-TG). Thermal analysis has been widely used to 
determine the amount of chemical water bounded to the hydrates. It is 
possible to determine the characteristic picks at which hydrated products 
loose water [25, 26]; 
• Specific surface area determination is possible with Brunauer-Emmett-
Teller method (BET) [26]; 
• Fourier transformation infrared spectroscopy (FT-IR) can be used to 
investigate structural changes in the material after strength gain [27]; 
• Impedance spectroscopy is useful for setting behaviour study [28]; 
• Nuclear magnetic Resonance technique (NMR) is useful for studying the 
structure of cement phases after hydration [29]. 
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2. Thermodynamic approach to cement chemistry 
Cement can be described as a complex material constituted of aggregates, 
bulk paste and transition zones, each one with their own diffusion characteristics. 
For this reason equilibrium diagrams where chosen to provide the unique 
possibility to inspect prospective changes in composition, during clinker production 
or even further stages of cement development. They can be helpful guidelines not 
only to cement mineralogy, but also to cement hydration and degradation by harsh 
conditions (e.g., fires) or even by long term interactions with gas phases in the 
atmosphere (e.g., CO2). Thus, this chapter introduces the thermodynamic 
background and methodology used in the construction of equilibrium diagrams. 
 
2.1 Thermodynamics 
In a classical textbook (Ragone, 1995) thermodynamics is stated as “the study 
of energy and its transformations, applicable to all fields of science and 
engineering”. Yet, industrialists tend to consider the thermodynamic analysis too 
much theoretical, distant from the cement industry and difficult to perform. 
Nevertheless, commercial computing software packages are now available, which 
allow thermodynamic calculations to be performed even by non experts [30, 35]. 
 
2.2 Foundations of thermodynamics 
The foundations of chemical thermodynamics are described in many textbooks, 
including dedicated references for the solid state (Ragone, 1995; Baptista, 1998). 
Its science concerns the transformations of energy in the form of heat and work, 
based on two fundamental laws. The application of these laws allows 
understanding many chemical and physical changes that materials undergo, both 
on processing and at working conditions [30]. 
 
2.2.1 State function 
Chemical thermodynamics is based on relations between thermodynamic state 
properties (e.g., internal energy, enthalpy, entropy and free energy) which depend 
only on the initial and final equilibrium states, rather than intermediate states. The 
main relations between state variables are set by the first and second 
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thermodynamic laws that allow one to establish equilibrium conditions based on 
free energy changes. 
 
2.2.2 Internal energy and enthalpy 
The internal energy can change by receiving energy in the form of heat or in 
the form of mechanical work, as described by the first law of thermodynamics: 
dEdWdQ =+         (2. 1) 
where dE is the variation of the internal energy of the system, dQ is the heat 
received by the system and dW is the work applied to the system. At constant 
volume, internal energy changes reduce to heat received by the system: 
VdQdE =          (2. 2) 
and when mechanical work is produced on the system as a result of volume 
variation V at constant pressure P, it will absorb an amount of heat QP that only 
depends on the initial and final state conditions of the system: 
)()( 1122 PVEPVEQp +−+=       (2. 3) 
HHHQp ∆=−= 12         (2. 4) 
This represents a state function called enthalpy (H), which can be determined by 
calorimetric measurements performed in isobaric conditions. 
In the particular case of solid state reactions at constant pressure, enthalpy 
variation measures the heat of reaction: for endothermic reactions the variation is 
positive while is negative for exothermic reactions. 
 
2.2.3 Entropy, free energy and spontaneity 
Though most exothermic reactions are also spontaneous, this may be reverted 
when the system undergoes decrease of entropy (S), defined as, 
TdQdS rev /=         (2. 5) 
where T is the absolute temperature. In fact, the second law of thermodynamics 
proposes a condition for spontaneity based on the combined entropy changes of 
the system and the exterior; 
0>+ exteriorsystem dSdS         (2. 6) 
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This condition is easily demonstrated for a first order phase transformation (e.g., 
melting process), when the entropy change of the exterior can be related to the 
amount of heat transferred to the system and temperature; 
TdQdS revext /−=         (2. 7) 
For isobaric conditions the heat gain of the system corresponds to its enthalpy 
change (dH=dQrev). Substitutions in eq. 2.5 to 2.7 allow rewriting the spontaneity 
condition as: 
0/ >− TdHdS    
0<− TdSdH          (2. 8) 
Conditions for spontaneity of chemical reactions or phase transformations are 
thus related to enthalpy and entropy changes of the system, with increasing 
contribution of entropy with rising temperature. A more widely used spontaneity 
criterion is based on the Gibbs free energy changes, 
TSHG −=          (2. 9) 
whenever the Gibbs free energy change of a reaction is negative. 
 
2.2.4 Calculation of enthalpy, entropy and Gibbs free energy 
Neither internal energy nor enthalpy can be defined in absolute terms. For 
convenience, chemical thermodynamics is based on a reference state (298K, 
1atm). The corresponding standard enthalpy ( 0fH∆ ) from its constituent elements 
is sufficient to calculate the enthalpy change of a generic reaction at normal 
pressure and temperature (npt): 
∑∑ ∆−∆=∆
r
rfr
p
o
pfpR HnHnH
0
,,
0
      (2. 10) 
where subscript p  and r  denotes products and reactants, respectively, np and nr 
represent their corresponding stoichiometric coefficients. Heating at constant 
pressure usually causes expansion, and thus changes the internal energy due to 
work performed on expanding. The enthalpy change of a generic substance per 
unit degree of increase in temperature is the called the heat capacity (at constant 
pressure); 
PdT
dHCp 





≡          (2. 11) 
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Heat capacities at constant pressure are usually available in textbooks of physical 
chemistry data and suitable databases [34, 35]. 
To calculate enthalpy changes for chemical reactions at different temperatures 
other than the reference temperature one needs information about the heat 
capacity and its temperature dependence for every reactant and product, and also 
the enthalpy of any phase change ( ptH∆ ) occurring from room temperature to the 
actual working conditions. Because enthalpy is a state function, the enthalpy 
change of a reaction ( RH∆ ) at temperature T, can be calculated as: 
( ) ( )
( ) ( )∑∑
∫ ∑∑
∆−∆+






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r
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dTCpnCpnHH
,,
298
0
    (2. 12) 
where the temperature dependence of heat capacity is usually described by a 
series of power law terms: 
...
22 dTcTbTaC p +++=
−
       (2. 13) 
The entropy change of a generic reaction is calculated in a similar way, using 
the relevant data for the standard entropy ( 0S ), yielding the entropy of reaction at 
npt conditions:  
∑∑ −=∆
r
rr
p
ppR SnSnS
000
       (2. 14) 
Calculation can be extended to entropy changes at other temperatures, by taking 
into account eq. 2.7 and 2.11, 
dT
T
C
dS p 





=         (2. 15) 
and by additional thermodynamic information on phase changes occurring in the 
relevant temperature range, the entropy change of a reaction ( RS∆ )  is determined 
by:   
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From eq. 2.12 and 2.16, one can calculate the Gibbs free energy change of a 
reaction ( RG∆ ) at any given temperature and 1 atm as a function of the enthalpy 
and entropy changes according to the equation, 
RRR STHG ∆−∆=∆         (2. 17) 
Though the temperature dependence of heat capacity is often described by a 
somewhat complex combination of different terms (see table 2.1), the resulting 
temperature dependence of Gibbs free energy changes can be reasonably 
described by second order polynomials, as follows:  
263 1010 TCTBA∆GR
−− ×+×+≈       (2. 18) 
This was obtained by calculating the Gibbs free energy changes for relatively wide 
temperature changes and then obtaining the A, B and C coefficient by fitting. 
 
2.3 Chemical potential 
Question marks can be made on this approach since cement chemistry 
depends of non-equilibrium reactions, kinetic and structural aspects, rather than 
only thermodynamics, which can inhibit the formation of some phases. 
Thermodynamic-based representations can remain however informative 
guidelines to check the course of diffusion-controlled processes which, paired with 
kinetics and empirical physical evidence, give a sound understanding of cement 
paste mineralogy [12]. 
Chemical potentials were chosen, instead of molar concentrations, as a more 
appropriate form of representation to deliver information when minor composition 
changes are translated in major variations of activity/reactivity (by orders of 
magnitude). The chemical potential of a given species may even decrease with 
increasing concentration, giving rise to spinodal decomposition against the 
concentration gradient; in such cases, the true driving force for diffusion controlled 
de-mixing is indeed the chemical potential gradient. 
The previous conditions that address spontaneity only apply when the activity 
of every reactant and product ( ia ) is unitary and its chemical potential is identical 
to its Gibbs free energy ( ii G=0µ ), i.e., for reactions involving pure end member 
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minerals. However, in some cases (e.g., solid solutions) the effective activity 
(reactivity) of some components is diluted; so equilibrium is attained when: 
∑∑ =−
r
rr
p
pp nn 0µµ        (2. 19) 
with, 
)ln( iii aRTG +=µ         (2. 20) 
where i index denotes the i th phases and a represents the activity. 
The combination of eq. 2.19 and 2.20 gives the equilibrium constant (Keq) for a 
generic chemical reaction, 
...... EDCB εδγβ +⇔++      
as a relation between activities of the reactants and products, 
RT
G
aaaaK RCBEDeq 30.2
...)log()log(...)log()log()(log ∆−=−−−++= γβεδ  (2. 21) 
that will be used to predict stability phase diagrams. By working with chemical 
activities, besides inspecting the “effective” concentration of the main oxides 
present in cement, i.e., their reactivity, one also obtains linear boundaries between 
distinct phase stability fields and displays directly the topology of a phase diagram 
without the necessity to determine actual concentrations [40]. 
 
2.4 Thermodynamic support 
The main objective of this work was to create equilibrium diagrams as 
guidelines for relevant processes in cement chemistry. Thus, the construction 
method here proposed is based on ternary diagrams, such as the CaO-SiO2-
Al2O3, CaO-SiO2-H2O and CaO-SiO2-CO2 systems, in order to explore relevant 
processes that occur within cementitious materials. 
Once thermodynamic predictions of phase diagrams are based on expressions 
of chemical equilibrium between co-existing phases, it is required relevant 
thermodynamic data to perform the calculations, as outlined before. Commercial 
software packages, such as FACTSAGE [30], CEMCHE or MINQL [40] are 
available for this purpose. However, these packages may be insufficient, either by 
incomplete thermodynamic databases or because the software is ill suited to 
produce the desirable representations. As alternative, it is suggested a two axis 
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and three-components representation, where, for instance, a gas phase (e.g., 
CO2) can be expressed as a function of a suitable activity ratio 
( 2SiO/CaOe.g., aa ), giving clearer and more intuitive interpretations. This 
includes dedicated methodologies for setting relevant two-phase and three-phase 
reactions, using a simple calculus spreadsheet for the purpose (e.g., Microsoft 
Office Excel, Origin). The main source of thermodynamic information here used 
was the GTT technologies FACT databases, available with the software package 
FACTSAGE v5.5 [30]. Additional data for specific compounds was obtained from 
the literature [6, 12, 31, 32].  
According to the thermodynamic principles presented, spontaneity is based on 
minimization of Gibbs free energy, and equilibrium is set for conditions when the 
free energy change of the relevant reaction is zero. Since the main difficulty in the 
analysis of complex systems is to establish the complete set of phase boundaries, 
one can use the phase rule, 
2+=+ cv ϕ          (2. 22) 
as a guideline to identify the expected type of phase boundaries. For this matter, 
the relevant known variables are the variance of the system v , the number of 
phases ϕ  and the number of component c . By considering typical three-
component systems ( 3=c ), one may obtain the variance of the system for 
conditions with a single phase ( 4=v ), two phases ( 3=v ) and three phases 
( 2=v ). At constant temperature and constant total pressure, the stability range for 
a single phase still allows independent changes in the activities of two 
components, whereas two-phase boundaries correspond to a single independent 
change in activity; this corresponds to a line in the diagram, at fixed temperature 
and total pressure. Three-phase contacts are reduced to a single point. The 
stability range of a given phase is limited by (at least three) two-phase boundaries, 
with corresponding three-phase contacts. 
 
2.5 Chemical potential diagrams 
Supported by the previous thermodynamics fundamentals, one proposes a set 
of basic guidelines that help the prediction and further replication of chemical 
potential diagrams, even by non-experts; the following are: 
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• Search of thermodynamic properties of phases identified in a generic A-B-C 
system, including thermodynamically stable phases and metastable 
phases, which may be retained by fast cooling (table 2.1);  
• Ranking of each phase in terms of oxide molar ratios A:B and C:A, in order 
to identify the expected relative positions of phases in the equilibrium 
diagram (table 2.2); 
• Identification of predictable equilibrium boundaries, according to the ranking 
of phases (fig. 2.1); 
• Formulation of reactions for two-phase equilibria in a suitable form, and 
calculations of corresponding Gibb free energy changes, to obtain the 
dependence on the activity ratio aA:aB, or a dependence of aC vs. aA:aB, in 
log-log scales (table 2.3); 
• Determination of three-phase contacts by convergence of two-phase 
boundary lines (table 2.4); 
• Drawing of the chemical potential diagram using the previous relations. 
These guidelines were further use, as example, on the drawing of the chemical 
potential diagram for the CaO–SiO2–CO2 system, portraying the stability of 
calcium silicates in a CO2 atmosphere. 
 
Table 2.1: thermodynamic properties of the phases identified in the CaO-SiO2-CO2 system, used in the construction of the 
chemical potential diagram. 
                                                 Thermodynamic Properties (Temp. limit: 1473 K) 
  Functions at 298.15 K mol).(cal/K3T3/T0.5/T2/T2TTpC 810g610fe510d510c310ba −×+×++×+−×+−×+=  
Phases 
(State) CCN 
o
f∆H  
(Kcal/mol) 
oS  
(cal/K.mol) 
a b c d e f g Ref. 
SiO2 
(am) 
CaSiO3 
(s1: wollastonite) 
Ca3Si2O7 
(s: rankinite) 
Ca2SiO4 
(s4: β-belite) 
Ca3SiO5 
(s: alite) 
CaO 
(s: lime) 
CaCO3 
(s2: calcite) 
Ca5Si2O9.CO2 
(s: spurrite) 
Ca5Si2O9.2CO2 
(s: tilleyite) 
S  
 
CS  
 
23SC  
 
SC2  
 
SC3  
 
C  
 
CC  
 
CSC 25  
 
225 CSC  
-215.8 
 
-390.7 
 
-944.2 
 
-551.6 
 
-700.5 
 
-151.8 
 
-288.4 
 
-1395.8 
 
-1520.7 
9.8 
 
19.1 
 
49.1 
 
30.6 
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Table 2.2: matrix of composition of the CaO-SiO2-CO2 system. 
Ranking Phases 
 
 
S  CS  23SC  SC2  SC3  C  CC  CSC 25  225 CSC  
CaO 0 1 3 2 3 1 1 5 5 
SiO2 1 1 2 1 1 0 0 2 2 
CO2 0 0 0 0 0 0 1 1 2 
CaO:SiO2 Molar Ratio 0 1 1.5 2 3 ∞ 
 
∞ 
 
2.5 2.5 
 Index 1 2 3 4 6 7 7 5 5 
CO2:CaO Molar Ratio 0 0 0 0 0 0 1 0.2 0.4 
 Index 1 1 1 1 1 1 4 2 3 
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Fig. 2.1: estimated location of phases in the diagram of the CaO-SiO2-CO2 system. 
 
 
Inspecting fig. 2.1, one may expect equilibrium boundaries based on the 
following criteria: 
1. Two-phase boundaries for pairs of phases in adjacent cells (e.g., S/CS ). 
2. Two-phase boundaries for corner sharing filled cells (e.g., CSS/CC 252 ). 
3. Three phase contacts when three filled cells share a common corner (not 
found in this example). 
4. Implicit triple contacts when shared corners are found next to each other 
(e.g., S/CCSS/CC 3252 ). 
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From the disposition of phases, it is also predicted 2-phase boundaries for 
silica and calcite ( CS/C ), equilibrium between the carbonated phases 
( C/CCSC 225  and C/CCSC 25 ) and possibly a CS/CC3  and CC/C  boundary. 
Further identification of contacts becomes uncertain, mainly for ranges with 
multiple empty cells. In this areas, one may raise a wide range of possibilities, for 
instance, the chance for carbonation of calcium silicates (e.g., 2252 CSS/CC , 
CSS/CC 253 , 22523 CS/CSC , CSCS/C 25 , 225 CSCS/C ). However, some of the 
proposed contacts exclude others, e.g., the 2252 CSS/CC  boundary excludes 
CSS/C 25  and the CSCS/C 25  excludes CS/CSC 2523 . Finally, another criterion of 
exclusion can be based on temperature stability, e.g., over 1000ºC, carbonated 
phases are not present in the diagram, due to the loss of CO2. 
Independently of the possibilities, the diagram is properly drawn when the two-
phase boundaries end up in the determined triple contacts, respecting the phase 
rule. Identification of equilibrium boundaries thus proves to be one of the most 
important steps in the construction of chemical potential diagrams. 
After identifying all the equilibrium boundaries, it is necessary to write them by 
proper reactions which, by eq. 2.21, express the activity of the main cementitious 
oxides in the stability of phases of the CaO-SiO2-CO2 system. Each boundary can 
be then organized in different categories: 
1. Reactions which are independent of the CO2 pressure, represented by 
vertical lines. 
2. Reactions independent of the 2SiO/CaO aa  ratio, corresponding to 
horizontal lines. 
3. Reactions that depend on the activity of every oxide component of the 
system, given by inclined lines.  
Vertical lines are determined by two-phase equilibria reactions written per mole 
of silica (on the products side) and per mole of lime (on the reactants side), 
compensated with the calcium-rich phase on the products side and the silica-rich 
phase on the reactants side. An example of a vertical boundary is given by the 
equilibrium between C2S and C3S: 
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SSδ.CSα.CC 32 +⇔+  
where stoichiometric coefficients α and δ are determined by conservation of calcia 
(1+2α=3δ) and silica (α=δ+1). Writing the reaction per mol of calcia and per mole 
of silica immediately reduces the equilibrium constant to the activity ratio of oxide 
components, 
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and thus, 
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       (2. 24) 
For the sake of simplicity, horizontal lines are determined by reactions written 
per mole of CO2, e. g., the case of the equilibrium between CSC 25  and 225 CSC : 
22525 CSγ.CCCSε.C ⇔+  
where the stoichiometric coefficients ε and γ are given by conservation of lime and 
silica (ε=γ). This simplifies the equilibrium constant to:   
RT2.30
∆G)p(COlog R2 =        (2. 25) 
With inclined lines, one must write the reactions in the most suitable way, so to 
establish a simple dependence of the equilibrium constant as a function of the CO2 
pressure and the remaining components activity ratio. The solution consists of 
writing a reaction per mole of the gas, on the reactants side, while retaining 
identical stoichiometric coefficients (β) for both lime and silica components. For 
example, the equilibrium between C3S and CC  is written as: 
β.SCρ.CCSpi.Cβ.C 3 +⇔++  
where the stoichiometric coefficient of CC  is imposed by conservation of CO2 
(ρ=1) and the remaining stoichiometric coefficients are obtained by combining 
conservation of calcia (β+3pi=ρ) and silica (β=pi); the equilibrium is now reduced to: 
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and introducing logarithms to eq. 2.25, one obtains a first degree equation 
(y=m.x+b) with a slope equal to the stoichiometric coefficient of calcia and silica 
components:  
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Triple points can be obtained by intersection of two-phase boundaries. For 
example, the triple contact between C3S2, C2S and CSC 25 , is described by 
convergence of the boundaries C3S2/ CSC 25  and C2S/ CSC 25 : 
SCSCCSCC 5425235754 +⇔++  
SCSCCSCC 312523731 +⇔++  
which yielded the equilibrium reactions, 
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Rearranging the previous equations, one obtains the following relation, 
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which, replaced in either one eq. 2.28 or 2.29, yields: 
( )
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)p(COlog 212
−
=       (2. 31) 
Using eq. 2.18, it is possible to rewrite the previous equilibrium relations solely 
as a function of temperature, making the construction of chemical potential 
diagrams easier and quicker. A brief with the relevant thermodynamic data and 
equilibrium relations necessary for the construction of the chemical potential 
diagrams studied on this work can be found in annex I and II, respectively. 
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3. Predictions of chemical potential diagrams vs. experimental evidence 
As stated previously, cement chemistry depends of thermodynamic and kinetic 
aspects of a complex set of reactions. The objective is now to use this 
thermodynamic based analysis as guideline to interpret experimental information 
available in the literature, and to draw useful conclusions. 
 
3.1 High temperature equilibrium diagrams 
Phase diagrams are often used to predict the products and the course of 
reactions taking place in complex mixtures at high temperatures, and on cooling. 
Our approach, based on the use of activities, is as an alternative to most 
commonly used representation of stability diagrams of ternary systems, including 
the CaO-SiO2-Al2O3 system, the most relevant in terms of industrial clinkerization. 
A comparison between traditional representations and chemical activities 
diagrams is briefly addressed in annex III. 
Fig. 3.1 addresses the CaO-SiO2-Al2O3 system at two temperatures where, 
ideally, Portland cement compositions are close to the C3S/C2S/C3A triple point.  
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Fig. 3.1: predictions of stability diagrams for the CaO-SiO2-Al2O3 system, at 1500ºC (a) and 1437ºC (b). 
 
On comparing the diagrams in fig. 3.1, one can see significant differences in 
phase stability, within a short temperature decrease (about 60ºC); this is essential 
to promote the formation of alite (C3S). It also emphasizes and concurs with 
experimental evidence that Portland cement clinkers must be quenched to prevent 
(a) (b) 
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decomposition of C3S to C2S and calcia, reaction which is time-temperature 
dependent. Kinetic analysis confirmed that decomposition proceeded via formation 
of nuclei of belite and calcia at the alite grains surface. Their presence increases 
the apparent rate of decomposition, largely by eliminating the need for a separate 
nucleation period [39]. Decomposition is avoided at sufficiently high cooling rates, 
a common technique employed by industrialists [1, 3]. 
Fig. 3.2 confirms what was stated before; it illustrates a XRD pattern of a 
laboratory attempt to synthesize a single phase of C3S from a mix of marl (CaCO3) 
and micronized silica with stoichiometric ratio Ca/Si = 3, at 1450ºC during 4h, with 
a heating/cooling rate of 10ºC/min. It shows the absence of C3S, even after four 
consecutive firing cycles, within detection limitations of the XRD equipment.  
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Fig. 3.2: XRD pattern of a SiO2 and CaCO3 mix, at 1450ºC. 
  
High temperature equilibrium in ideal clinker containing tri-calcium silicate, tri-
calcium aluminate, and di-calcium silicate corresponds to the overall CaO:SiO2 
molar ratio: 
β
x
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x
x
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−
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

+=         (3. 1)   
 where xA:xS is the Al2O3:SiO2 molar ratio in the overall composition, and: 
3. Predictions of chemical potential diagrams vs. experimental evidence 
 
- 31 - 
SCSC
SC
β
32
2
+
=         (3. 2) 
is the mole fraction of belite relative to the total contents of silicates in the clinker; 
this allows one to adjust the overall oxide composition of raw materials to meet the 
intended phase distribution. For common fractions of belite and alite in Portland 
cement compositions (β=0.27), the CaO:SiO2 ratio becomes: 
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These relations may, indeed, be somewhat changed by the presence of significant 
quantities of ferrite (C4AF). 
Decomposition of C3S will change this phase distribution. For example, complete 
decomposition would yield exclusively tri-calcium aluminate, di-calcium silicate and 
free calcia. In such case, the ratio of free calcia to total calcia content becomes:  
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If the initial high temperature fractions of belite and alite are similar to those 
usually employed in Portland clinker compositions (β=0.27), for complete 
conversion of alite, one expects a fraction of free calcia: 
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In this case, one expects close to 26.7% of free calcia, relative to the total content 
of calcia. 
Additional phases or changes in phase distribution can occur at local level, due 
to slow solid state reactions or heterogeneities resulting from incomplete mixing 
and slow homogenization even at high temperatures. Note that cement raw 
materials are usually extracted in the close proximity of industrial plants, and 
economic costs limit the use of blendings to minimize time dependent changes in 
overall oxide composition, and corresponding mineralogical composition of the 
clinker. 
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Fig. 3.1 can be useful to understand limitations in solid state kinetics, including 
diffusion controlled processes. Note that the chemical potential differences seen in 
fig. 3.1 correspond to the effective driving force of the process. This is true even 
when the driving force of the diffusion is relatively small. In fact, the true driving 
force for the diffusion flux is a chemical potential gradient: 






∂
∂
=
xRT
CDJ iiii
µ
        (3. 4) 
where µi, ai, Di and Ci are the chemical potential, activity, diffusivity and 
concentration of species i, R is the universal gas constant, T is absolute 
temperature and x is the distance. If one considers the relation between chemical 
potential and activity differences dµi=RTdln(ai), and take overall changes across 
the spatial scale X of a generic heterogeneity, one may rewrite the flux as: 
X
aCDJ iiii
)ln(∆
=         (3. 5) 
This emphasizes clearly the advantages of the actual activity diagrams, as a 
guideline for the driving force. Eq. 3.5 also shows that homogenization can be 
promoted by improved mixing of raw materials, thus lowering the scale of 
heterogeneities. The kinetics of diffusion controlled processes is, indeed, also 
dependent on the order of magnitude of diffusivity, which tends to be low in solid 
silicate phases, and much higher in liquid phases. In fact, raw materials usually 
include additives (e.g., iron oxides) to promote the formation of liquid phases and, 
thus, dissolution-precipitation processes. 
Heterogeneities are most likely to be retained for conditions when several 
different phases can be found with relatively small activity differences, as found for 
the series of alumina phases on the left side of figs. 3.1. Thus, one may seek 
additions of mixed oxide phases to overcome this kinetic limitation. For example, 
fig. 3.1 suggests that the addition of anorthite (CAS2) may facilitate the formation 
of C3A and C3S by reaction with free calcia, without intermediate aluminates. 
Fig. 3.1 also provides clues for the formation of mayenite (C12A7). This is 
dependent on kinetics (and thus prevented by fast cooling). It emerges as a by-
product of clinkerization and is highly dependent on relative humidity. In fact, it 
may even uptake humidity at temperatures close to 100ºC [41]. Wollastonite has 
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also some interest as alternative raw material to limestone, showing potential to 
save at least 20% raw material derived CO2 emission and 100ºC in the clinkering 
temperature [50]. 
 
3.2 Influence of CO2 in anhydrous cement phases 
Carbonation of non-hydrated phases is not critical provided that formation of 
calcium silicates limits the availability of lime. Confirmation is obtained by analysis 
of the predicted diagram for the CaO-SiO2-CO2 system, at 25ºC (fig. 3.3). 
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Fig. 3.3: stability diagram for the CaO-SiO2-CO2 system, at 25ºC (black dotted line represents CO2 pressure 
at environment conditions). 
 
One must stress that fig. 3.3 shows predictions for two alternative scenarios: a 
true equilibrium described by thin dotted lines including the C/C2S, C/ CSC 25  and 
C/ CC  equilibrium boundaries, as expected after decomposition of alite (C3S). 
Otherwise, alite may be maintained by fast cooling the clinker from sufficiently high 
temperatures. Since alite is the main anhydrous phase of Portland cement, one 
will further take in consideration its presence. 
From fig. 3.3 one observes that carbonation of cement main calcium silicates 
might occur even at very low CO2 partial pressures, i.e., well below a typical range 
in air (≈10-3.5atm). However, the kinetics of carbonation is, most probably, 
dependent on the chemical potential difference acting as driving force. Thus, the 
10-3.5atm 
Lime (CaO)  
equilibrium 
boundaries 
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driving force for carbonation should be highest for metastable C3S, intermediate 
C2S, and low for CS. Experimental evidence [42] confirmed that C3S and C2S are 
the main consumed anhydrous phases during carbonation of cements. Yet, 
carbonation of free calcia is faster than for metastable C3S, in contradiction with 
thermodynamic findings given by the chemical potential differences shown in fig. 
3.3. This is probably due to effects of porosity or other morphological features on 
the kinetics of carbonation [43]. For example, a very high expansion on converting 
calcia to calcite (more than 100%) is likely to cause disruption of the carbonate 
layer, alloying free contact of calcia with the gas phase. Fig. 3.3 also shows 
favorable conditions for formation of spurrite ( CSC 25 ) as an intermediate unstable 
phase. 
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Fig. 3.4: stability diagram for the CaO-SiO2-CO2 system, at 430ºC, showing conditions for the formation of 
spurrite at intermediate temperatures. 
 
Spurrite is, in fact, more likely to occur at intermediate temperatures, as stated 
in the literature [3], and also visible in fig. 3.4, as expected on heating the raw 
meal or clinker at moderate temperatures. In this case, one may even predict the 
onset of tilleyite ( 225 CSC ).   
Glasser [9] found the formation of spurrite, as a carbonated form of belite, to be 
possible with or without the use of mineralizers agents (e.g., fluorine). Accordingly 
to fig. 3.4, the formation of spurrite from belite ( CSS/CC 252 ) or from calcite 
10-3.5atm 
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( CS/CCC 25 ) is thermodynamically possible in CO2-rich atmospheres, as found 
inside the clinkering kiln. For example, fig. 3.4 also shows that spurrite is more 
stable than calcite at 430ºC and for partial pressures of CO2 in the range 10-3.4 to 
10-0.7atm. Indeed, this preference for spurrite in CO2-rich atmospheres increases 
with decreasing activity of calcia across the stability range of C2S, i.e., on 
suppressing the presence of C3S or free calcia, and at the onset of other silicates 
with higher SiO2:CaO ratio; this agrees with experimental evidence that spurrite is 
more likely to occur in silica-rich environments, or for conditions when the reaction 
time is insufficient for complete reaction or inter-diffusion between silica-rich and 
calcia-rich phases [8]. 
The intermediate temperature used in the diagram of fig. 3.4 also shows the 
stability of tilleyite. Though this occurs as a natural mineral, and is synthesized in 
laboratory conditions [3, 7], it is not found in Portland cement compositions and is 
not relevant to cement chemistry. 
Fig. 3.5 shows a XRD pattern of an industrial clinker provided by the cement 
manufacturer company Secil with evidence of spurrite and calcite, confirming our 
previous predictions. 
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Fig. 3.5: XRD pattern of an industrial Portland cement clinker type I. 
 
Somewhat surprisingly, fig. 3.5 does not show presence of C2S (belite), while 
maintaining C3S (alite) as a prevailing phase; this suggests a conversion of belite 
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in spurrite, favored by kinetics and, compared to conversion of alite to calcite, 
somewhat contradicting the corresponding differences in chemical potential. 
However, calcite may also be due to carbonation of unreacted free lime, retained 
after clinkerization. Detection of belite, as well as aluminates or ferrites may, 
indeed, be difficult at levels below detection limits, especially if combined with poor 
crystallinity.  
Spurrite is considered by industrialists an undesirable contaminant usually 
found on the walls of the clinkering kiln. Increasing the calcination temperature 
should be sufficient for its decomposition, as shown by fig. 3.6. 
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Fig. 3.6: stability diagram for the CaO-SiO2-CO2 system, at 714ºC, indicating conditions for the 
decomposition of spurrite. 
 
This diagram predicts decomposition of spurrite at 714ºC, i.e., significantly 
below the reported experimental temperatures (circa 950ºC) [9]. Such difference 
between thermodynamic and experimental determinations may be due to relatively 
slow kinetics or insufficient accuracy of the relevant thermodynamic data used to 
obtain the predictions of fig. 3.6. In fact, the only source of thermodynamic data for 
calcium silicate carbonates was an internet site [31], and one cannot confirm its 
reliability. Nevertheless, the actual predictions are consistent with the 
decomposition of calcite, which was found to occur at temperatures in the range 
700-900ºC [44]. 
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3.3 Chemistry of hydration 
 
3.3.1 Hydration of calcium aluminates 
The chemical combination of cement and water is the main process to achieve 
a hardened material. Thermodynamic predictions are important to discuss along 
with kinetics aspects, taken from literature data. Hydration of ferrite was not 
studied due to the existence of four components in this system. 
It is known that curing environments play an important role on the final 
properties of cement. In the case of a cement paste maintained in dry conditions, 
large pores are rapidly depleted in water and equilibrium between water vapor and 
liquid water exists in smaller pores [40]. The following representations were 
predicted on assuming equilibrium between anhydrous species and water vapor, 
allowing changes in partial pressure and including conditions when the relative 
humidity might be very low. A horizontal dashed line will be further used in the 
diagrams to indicate the water vapor partial pressure for saturated air (i.e., 100% 
relative humidity). 
Following the sequence of hydration of phases, one first analyzes the CaO-
Al2O3-H2O system, at 25ºC (fig. 3.7). 
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Fig. 3.7: stability diagram for the CaO-Al2O3-H2O system, at 25ºC (black dotted line represents saturation 
conditions). 
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As before, one chose to use dotted lines to limit the lime stability field, in order 
to account for the usual presence of metastable phases (i.e., mayenite C12A7 and 
C3A). These phases are the result from crystallization of liquid phases upon fast 
cooling. 
Fig. 3.7 confirms the thermodynamical stability of hydrogarnet (C3AH6) at 25ºC, 
above and below saturation conditions. C3A provides the correct CaO:Al2O3 ratio 
for formation of hydrogarnet, possibly favoring the kinetics of hydration. Presence 
of C3A also provides significant chemical potential gradients which may contribute 
to relatively fast hydration. Note that equilibrium between the main anhydrous 
calcium aluminate and hydrogarnet is achieved at very low water vapor partial 
pressures (10-6.3atm), when compared to saturation conditions (10-1.5atm), yielding 
a significant driving force for hydration ( 4.8∆µ/RT = ). Other aluminates with lower 
C:A activity ratio (Ca12A7 and CA) become progressively less reactive, especially 
at the onset of aluminum hydroxide (AH). This is according to hydration studies of 
the calcium aluminate family, which found that CA6 has no hydraulic potential and 
that CA2 reacts slowly with water [7].  However, CA still reacts moderately with 
water, and can be an ingredient in aluminate cement mixes (CAC) used for rapid 
repairing [46]. 
The equilibrium diagram does not show C2AH8 and C4AH13 because these 
phases do not form even at saturation or in the presence of liquid water. In fact, 
these phases require autoclave conditions for their formation and are unstable at 
room temperature, converting gradually to hydrogarnet [3, 7]. To some extent, this 
is also the case for the limited stability of CAH10, which may also be a product from 
the hydration of CAC compositions, but undergoes conversion to hydrogarnet and 
aluminum hydrates (AH, AH3) [47]. 
Fig. 3.8 inspects the stability of this system on approaching 100ºC, i.e., in the 
presence of steam at pH2O = 1atm, corresponding to boiling water. 
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Fig. 3.8: stability of calcium aluminates vs. pH2O atmosphere, at 100ºC. 
  
Hydrogarnet still remains the main stable hydrated phase, whereas CAH10 
disappears. One also recalls the effect of temperature on the rate of hydration. 
Reasons for such deceleration of hydration may be understood by taking into 
account the thermodynamic driving force. In contact with steam at 1 atm the 
chemical potential gradient drops from 4.8∆µ/RT = , at 25ºC, to 3.3∆µ/RT = , at 
100ºC, thus competing with the expected effect of thermal activation. For dry 
conditions, the chemical potential difference almost vanishes. 
Although fast hydration of some calcium aluminates and consequently rapid 
setting is important for quick action applications, it posts workability problems in 
Portland cements, due to the short time period. This explains the addition of 
calcium sulfate (CaSO4) to yield other stable phases in the presence of water, as 
shown in fig. 3.9. Since an additional component would prevent planar 
representations off the corresponding stability diagrams, this diagram was 
computed on assuming presence of calcium sulfate as a coexisting phase with 
a(CaSO4) = 1. 
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Fig. 3.9: stability of calcium aluminates vs. pH2O atmosphere, at 25ºC, with unitary activity contribution of 
calcium sulfate. 
 
One interesting finding is the prediction of ettringite ( 3236 HSAC ), which has 
been considered a water-resistant barrier formed at the surface of grains, to retard 
cement setting. Fig. 3.9 also confirms conditions for formation of 
monosulfoaluminate ( 124 HSAC ), which has negative impact on sulfate attack. This 
phase is expected at lower humidity than the one that cement is usually exposed 
to, in natural conditions [40], with a prediction for equilibrium between ettringite 
and monosulfoaluminate for 43% relative humidity at 25ºC. 
Increasing temperature displaces the stability conditions of ettringite to higher 
humidity and tends to stabilize the monosulfoaluminate instead, as shown by Fig. 
3.10. This agrees with experimental evidence that monosulfoaluminate becomes 
more stable at higher temperatures, as reported by Prince [49]. Thus, combined 
action of relative humidity and temperature have an important role in cement 
pastes subjected to heat curing, with negative impact on mechanical strength due 
to delayed ettringite formation [48], as illustrated in fig. 3.11; this has been 
explained by formation of an intermediate non-crystalline ettringite phase in steam 
curing conditions, which chrysalises and expands on cooling [49, 54]. 
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Fig. 3.10: stability of calcium aluminates vs. pH2O, at 84ºC, with a unitary activity of calcium sulfate, 
showing the increasing stability of monosulfoaluminate, relatively to ettringite. 
 
 
  
Fig. 3.11: cracking caused by delayed ettringite formation (a): microscopic appearance with normal polarized 
light (b) and with a fluorescence contrast light (c) [54]. 
 
3.3.2 Hydration on calcium silicates 
Hydration of calcium silicates yields portlandite (CH), which maintains high pH 
required for protection of reinforcing steel, and provides C-S-H phases that are the 
main contribution to mechanical resistance. The equilibrium diagram computed for 
the CaO-SiO2-H2O system (fig. 3.12) shows that formation of portlandite is favored 
by the presence of metastable alite. Note that the driving force for hydration of alite 
( 12.1∆µ/RT = ) is higher than for hydration of free calcia. Thus, C3S-rich cements 
are widely consumed because they allow faster hardening and develop 
compressive strength above 42.5 MPa after 28 days of curing [3, 4, 7]. 
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Fig. 3.12: stability of calcium silicates vs. pH2O, at 25ºC. 
 
Following the equilibrium path between anhydrous phases and portlandite, one 
sees a reduction in the chemical potential, moving towards silica-rich phases. 
These thermodynamic predictions are in agreement with the kinetics of hydration; 
hydration of alite is proven to be faster than for belite, and the same applies to the 
rest of the calcium silicate family [7]. Fig. 3.12 also emphasizes a significant 
decrease in driving force for hydration of belite with minor composition changes, 
i.e., on moving along the CH/C2S boundary towards the CH/C2S/C3S2 triple point. 
Calcium silicate hydrates (C-S-H) have significant effects on cement strength. 
Yet, it is surprising to see it in the stability diagram (fig. 3.12) only in 
supersaturation conditions ( satur22 OpHOpH > ). However, the stoichiometry of C-S-
H phases differs severally in CaO:SiO2 ratio (usually, between 0.8 and 1.8), with 
corresponding changes in thermodynamic properties [4, 14, 30], and thus also 
changes in stability conditions. In fact, stability of C-S-H phases was only 
observed for a CaO:SiO2 ratio close to 0.83. Increasing chemical resistance can 
also be achieved by adding wollastonite to compositions. When in contact with 
pure water, Ca2+ ions are released rapidly from the wollastonite surface with the 
exchange for H+ into the aqueous solution with the solution pH increasing to about 
10 within a few minutes [51]. This effect contributes to maintain the pH solution 
value high, countering effects of acidic species. 
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Experimental evidence in the literature [52] suggests correlations between the 
concentration of dissolved calcia in water and the kinetics of formation of C-S-H 
phases, as well as its structural and morphological characteristics. Thus, all 
processes that tend to affect calcia concentration (carbonation, reaction with silica 
fume or aggregates…) or displacement of portlandite equilibrium by increasing 
temperature are expected to affect formation of C-S-H phases and its role. Fig. 
3.12 agrees since moving towards SiO2-rich areas of the diagram, the effective 
concentration of calcia and stability of portlandite is visibly affected. 
Growing environmental concerns about CO2 emissions are also leading to 
developments of blended cements produced by adding supplementary SiO2-rich 
materials to Portland cement. If properly selected, those additives might react with 
previously formed portlandite to generate C-S-H, as expected along the CH/C-S-H 
boundary line in fig. 3.12. Though this reaction is slow, it contributes to the cement 
strength at later ages, much like the hydration process of Roman cements [8]. 
Temperature is also a relevant factor, as found on comparing the diagrams at 
25ºC (fig. 3.12) and at 85ºC (fig. 3.13); this causes a decrease in the chemical 
potential differences which act as the driving force for hydration. 
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Fig. 3.13: stability of calcium silicates vs. pH2O, at 85ºC, shows the effect of temperature in the hydration 
process.  
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As for the system CaO-Al2O3-H2O, this effect on thermodynamics opposes the 
effect of thermal activation on kinetics, which shows acceleration during an initial 
stage, followed by a stable regime [3, 7, 18].   
 
3.4 Thermal decomposition of hydrated phases 
High temperatures diminish the stability of hydrated phases, as it is visible in 
fig. 3.14, showing the disappearance of C-S-H and ettringite phases, except 
possibly under high vapor pressure provided by autoclave; this is consistent with 
dehydration occurring at temperatures between 100 and 200ºC [18, 44]. 
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Fig. 3.14: stability of calcium silicates and aluminates vs. pH2O, at 100ºC. 
 
Still at higher temperatures, one even predicts decomposition of main hydrate 
portlandite with corresponding thermo-mechanical collapse, in agreement with well 
known poor tolerance to fire [18, 44]. This is also supported by fig. 3.15, which 
shows that portlandite would decompose at about 512ºC, even in a steam 
atmosphere, as predicted by the negative value given by Gibbs free energy of the 
relevant reaction: 
OHCaOCa(OH) 22 +⇔ , ∆G<0 
However one did not find any experimental evidence of the thermal decomposition 
of portlandite in either belite or alite. For dry conditions, decomposition is expected 
even at lower temperatures, thus explaining spreading of reported experimental 
conditions, i.e., temperatures in the range 450-550ºC [44].  
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Fig. 3.15: stability of calcium silicates vs. pH2O atmosphere, at 512ºC.  
 
Thermal degradation of cement may be due to a combination of different 
factors, namely disruption of bonding provided by the hydrated phases, cracking 
due to partial shrinkage on conversion of hydrated to anhydrous phases, 
unbearable water vapor pressure buildup in pores and thermal stresses. 
Improvement in fire resistance were reported for gypsum ( 2HSC ) and Portland 
cement mixes [53], mainly for short fire cycles and peak temperatures up to about 
600ºC. This effect was ascribed to self generated wet conditions provided by 
evolution of chemically bonded water. Indeed, this protection is only temporary. 
 
3.5 Influence of CO2 on hydrated phases 
Fires can have drastic effects on cements by a combination of moderate to 
high temperatures, and atmospheres rich in carbon dioxide. Though increase in 
temperature is often sufficient to degrade the cement, this becomes more severe 
in the presence of CO2-rich atmospheres, which contribute to the degradation of 
hydrated phases. Carbonation can occur directly by reaction of portlandite with 
carbon dioxide, or by reaction of portlandite with carbonic acid ( CH ), previously 
formed by intermediate reaction between water and CO2 [7, 19, 21]. Though 
slowly, carbonation can occur even for relatively low partial pressure of CO2, as 
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expected for atmospheric air (pCO2≈3x10-4 atm), causing degradation of cement. 
However, carbonation of cement wastes may also have a potential advantage for 
long term CO2 re-capturing, allowing the cement industry to claim that its true CO2 
footprint is much lower than based on contents of carbonates present in raw 
materials. 
Fig. 3.16 represents the carbonation process of the main hydrates formed in 
the CaO-SiO2-H2O system, for conditions which correspond to humidity in air 
saturated (pH2O≈0.03 atm) and in supersaturation conditions (pH2O≈0.30 atm) at 
25ºC, since a C-S-H phase was only pointed out in such conditions. In both cases, 
carbonation is proven thermodynamically favorable at room temperature, even for 
typical values of CO2 pressure in air. Yet, the driving force is clearly lower that for 
the corresponding carbonation of anhydrous phases (fig. 3.3).  
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Fig. 3.16: stability of calcium hydrates vs. CO2, at 25ºC (horizontal black dotted line represents normal air 
conditions). The vertical dotted line identifies the progress of the carbonated front. 
 
Fig. 3.16 may also be used to interpret the progress of carbonation, mainly if 
one considers the conversion of C-S-H, with progressive consumption of its calcia 
content and corresponding decrease in activity of calcia, along the direction of the 
arrow. Note that the chemical potential difference relative to the partial pressure of 
CO2 air (marked by the dashed line) also drops gradually, contributing to slow 
down the process. If one considers a bulk sample, one also expects higher 
conversion of the outer layer (rim) compared to the inner core. This is consistent 
with experimental findings, with more intense carbonation in the near surface [43]. 
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This gradual change in calcia activity translates into pH changes, which can be 
traced by a suitable indicator, such as phenolphthalein. For example, the cross 
section in fig. 3.17 shows unchanged color close to the surface of the bulk sample, 
indicating consumption of calcia and corresponding decrease in pH, whereas 
coloring of the core reveals that pH remains relatively high; this is a simple test 
used as marker for absence of carbonation [48]. 
 
 
 
Fig. 3.17: example of a phenolphthalein indicator solution test (a) used to determine the carbonation depth in 
a cement sample (b) [48]. 
   
The gradual depletion of calcium hydroxide thus results in decreasing pH in 
pore solution which will diminish the stability of remaining phases. Decalcification 
of the C-S-H phases is expected when the more ready source of calcium, 
portlandite, has been exhausted. This statement has also been supported by X-ray 
photoelectron spectroscopy, after an experimental six months period of 
carbonation in air [55], where the final product upon consumption of C-S-H phases 
is hydrolyzed amorphous silica gel. Carbonation is also dependent on the effective 
CaO:SiO2 molar ratio of the C-S-H phase, as expected for the corresponding 
activity ratio shown in fig. 3.16. Samples with C/S ratio between 0.83 and 1.00 
revealed conversion values of about 30 to 50% respectively, yielding calcite [55]. 
Fig. 3.18 shows predictions for carbonation of hydrated phases at slightly 
higher temperature (T=52ºC). 
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Unchanged cement 
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Fig. 3.18: stability of calcium hydrates vs. CO2, at 52ºC (horizontal black dotted line represents normal air 
conditions). The black dotted line identifies the progress of the carbonated front. 
 
Increasing temperature, as before seen in figs. 3.13 and 3.14, decreases the 
stability of the C-S-H phase, except at higher water vapor pressures, thus the 
increase of water vapor pressure from 0.3 to 0.6 atm. The progress of carbonation 
with temperature can be explained as a competition between effects of 
temperature on solubility (or chemical potential gradients) and reaction rates. If 
one considers reaction of portlandite with carbonic acid ( CH ), the solubility of 
carbon dioxide and calcium hydroxide are reduced by increasing temperature. 
However, the prevailing factor is thermal activation, still yielding faster kinetics with 
increasing temperature [56]. A similar conclusion is taken if one considers a slight 
decrease in chemical potential difference with increasing temperature, as for 
comparing figs. 3.16 and 3.18. 
Fig. 3.19 analyses conditions for carbonation of hydrated aluminates, with 
emphasis on monocarboaluminate ( 114 HCAC ). Monocarboaluminate has been 
found in several Portland cement compositions as the result of reaction between 
calcium aluminate hydrates and dissolved calcium carbonate, consistent with the 
thermodynamic assessments taken from fig. 3.20. This may have important effects 
on Portland cements because monocarboaluminate might defer transformation of 
ettringite to the unwanted monosulfoaluminate phase responsible for mechanical 
breakdown [48, 57]. 
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Fig. 3.19: stability of calcium hydrates vs. CO2, at 25ºC (horizontal black dotted line represents normal air 
conditions), shows the potential formation of monocarboaluminate. 
 
Although thermodynamic predictions where not made, considering the 
limitations on the mobility of some species (i.e., sulfates), experimental evidence 
show that monocarboaluminate is expected to be formed at the expense of 
monosulfoaluminate, by reaction with dissolved carbonate but, as disadvantage, it 
is somewhat unstable in rich-sulfate environments and can be converted again 
into the monosulfoaluminate phase [57]. 
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4. Conclusions 
The study of cements is a difficult topic due to their complex nature, including 
variable elemental and phase constitution, time variability and/or heterogeneities. 
Nevertheless, thermodynamics and corresponding predictions of phase stability 
can be used as useful guidelines to describe physicochemical phenomena 
occurring during the production of cements and for the interpretation of hydration, 
carbonation and degradation processes. Chemical activity diagrams are specially 
suited for these purposes, starting with guidelines for the impact of prospective 
changes in overall cement composition on high temperature phases, expected 
phase changes on cooling, and consequences on room temperature processes 
such as hydration or carbonation.    
Carbonation of anhydrous phases at room temperature and in air (i.e. 
pCO2≈10-3.5 atm) is a major concern in the presence of free lime (CaO), mainly 
because it readily converts to calcite (CaCO3). Though thermodynamic predictions 
also suggest the possibility of carbonation of silicate phases, their tolerance to 
atmospheric CO2 indicates that carbonation is prevented by kinetics reasons; this 
is true even for metastable alite. Thermodynamics also predict other carbonated 
phase, including spurrite (Ca5Si2O9.CO2), which have been detected at 
intermediate temperature (above 430ºC), probably due to a combination of 
suitable changes in phase stability conditions and thermal activation. 
Thermodynamics also provides guidelines for hydration of calcium aluminates 
upon vapor curing or in wet atmospheres. Though thermodynamic predictions 
suggest the possibility of hydration of other calcium aluminate phases, fast 
hydration has been reported only for tri-calcium aluminate (Ca3Al2O6), for kinetic 
reasons, and possibly because this ensures high chemical potential gradients in a 
single reaction product. The hydraulic potential of other calcium aluminates is 
much inferior. 
One also found thermodynamic support for alternative hydrated phases formed 
in the presence of calcium sulfate, mainly formation of ettringite 
(Ca6(AlO3)2(SO4)3.32H2O) at ambient conditions, and its contribution to stability. 
One also found thermodynamic support to explain formation of metastable 
monosulfoaluminate (Ca4(AlO3)2(SO4).12H2O), at higher steam curing 
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temperatures, eventually leading to late ettringite development (T=84ºC), with 
negative impact on mechanical strength. Such problem has been dealt with in 
cement technology by adding calcite as “filler” to Portland cement compositions. 
Dissolved calcite is expected to react with hydro garnet (C3AH6) yielding 
monocarboaluminate (Ca4Al2O7(CO2).11H2O), which diminishes the tendency for 
such chemical attack. 
Guidelines on the hydration of calcium silicates show decreasing hydraulic 
potential with decreasing Ca/Si ratio. Portlandite (Ca(OH)2) and its solubility in the 
liquid phase present in pores play a major role on formation and characteristics of 
calcium silicate hydrates (xCaO.ySiO2.zH2O). Thermodynamic predictions show 
decrease in the stability field of portlandite and calcium silicates hydrates with 
increasing temperature.  
Stability diagrams also provide suitable interpretation for thermal degradation 
of Portland cement. This is clearly connected to dehydration above 100ºC, 
affecting some of the most important phases of Portland cement (e.g., ettringite, 
xCaO.ySiO2.zH2O). Based on thermodynamics, one predicts dehydration of 
portlandite at about 512ºC, i.e., significantly below typical temperatures attained 
during fires (>600ºC). Permanent dehydration of main hydrated phases of Portland 
cement may be somewhat delayed, mainly if the high temperature peak is short, 
and on using gypsum-based coverings. 
Stability diagrams also describe trends for carbonation of hydrated and its 
impact on mechanical properties. Yet, kinetics gives rise to different weathering 
zones of a cement sample, from its surface to the core. At standard conditions, 
carbonation of the surface of a cement sample can be thermodynamically 
achieved and the progress of a carbonation front into the core of the sample is 
predicted with increasing temperature. Continuous depletion of portlandite enables 
decalcification of calcium silicates hydrates, leading to formation of a silicate outer 
surface over a carbonated zone. 
Another potential use of thermodynamic predictions is to assess the long term 
impact of cements on sequestration of carbon dioxide, and its positive 
environmental impact. Indeed, one also needs well designed kinetic studies and 
models to predict the time scale of those contributions. 
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Annexes 
 
I. Thermodynamic Properties 
 
Table I.3: thermodynamic properties of phases used in the construction of high temperature chemical potential diagrams. 
                                                 Thermodynamic Properties (Temp. limit: 1800 K) 
  Functions at 298.15 K mol).(cal/K/T3T3/T0.5/T2/T2TTpC 210h810g610fe510d510c310ba ×+−×+×++×+−×+−×+=  
Phases 
(State) CCN 
o
f∆H  
(Kcal/mol) 
oS  
(cal/K.mol) 
a b c d e f g h Ref. 
SiO2 
(s: cristobalite) 
CaSiO3 
(s1: wollastonite) 
Ca2SiO4 
(s4: β-belite) 
Ca3SiO5 
(s: alite) 
CaO 
(s: lime) 
CaAl2Si2O8 
(s2: anorthite) 
Ca3Al2O6 
(s: aluminate) 
Ca12A14O33 
(s: mayenite) 
CaAl2O4 
(s) 
CaAl4O7 
(s) 
CaAl12O19 
(s) 
Al2SiO5 
(s) 
Al2O3 
(s: corundum) 
S  
 
CS  
 
SC2  
 
SC3  
 
C  
 
2CAS  
 
AC3  
 
712AC  
 
CA  
 
2CA  
 
6CA  
 
AS  
 
A  
-216.6 
 
-390.7 
 
-551.6 
 
-700.5 
 
-151.8 
 
-1011.4 
 
-851.1 
 
-4630.5 
 
-555.5 
 
-955.9 
 
-2558.4 
 
-618.5 
 
-400.5 
11.0 
 
19.1 
 
30.6 
 
40.4 
 
9.0 
 
47.8 
 
49.0 
 
249.7 
 
27.5 
 
42.5 
 
93.0 
 
22.9 
 
12.1 
20.00 
 
35.63 
 
3.78 
 
4.30 
 
14.05 
 
105.01 
 
8.03 
 
301.96 
 
54.26 
 
80.78 
 
237.27 
 
43.95 
 
37.05 
- 
 
- 
 
138.00 
 
190.00 
 
- 
 
- 
 
221.00 
 
65.50 
 
- 
 
- 
 
- 
 
4.34 
 
- 
-
 
 
- 
 
-18.40 
 
-26.00 
 
- 
 
- 
 
-31.00 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
-5.87 
 
-8.75 
 
- 
 
- 
 
-2.74 
 
- 
 
- 
 
-55.30 
 
-1.34 
 
-28.90 
 
-67.27 
 
-29.50 
 
-9.23 
-89.60 
 
-164.98 
 
- 
 
- 
 
-32.00 
 
-892.48 
 
- 
 
- 
 
-398.92 
 
-244.31 
 
-1278.69 
 
- 
 
-198.00 
- 
 
115.76 
 
- 
 
- 
 
24.61 
 
-75.80 
 
- 
 
- 
 
-20.44 
 
361.04 
 
895.55 
 
383.00 
 
97.77 
- 
 
- 
 
9.12 
 
12.80 
 
- 
 
- 
 
15.20 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
7.66 
 
- 
[30] 
 
[30] 
 
[6] 
 
[6] 
 
[30] 
 
[30] 
 
[6] 
 
[30] 
 
[30] 
 
[30] 
 
[30] 
 
[30] 
 
[30] 
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Table I.4: thermodynamic properties of phases used in the construction of chemical potential diagrams that address the influence of 
gaseous atmospheres in cementitious systems. 
                               Thermodynamic Properties (Temp. limit: 1473 K) 
  Functions at 298.15 K mol).(cal/K/T3T3/T0.5/T2/T2TTpC 210h810g610fe510d510c310ba ×+−×+×++×+−×+−×+=  
Phases 
(State) CCN 
o
f∆H  
(Kcal/mol) 
oS  
(cal/K.mol) 
a b c d e f g h Ref. 
CO2 
(g) 
H2O 
(g) 
SiO2 
(am) 
CaSiO3 
(s1: wollastonite) 
Ca3Si2O7 
(s: rankinite) 
Ca2SiO4 
(s4: β-belite) 
Ca3SiO5 
(s: alite) 
CaO 
(s: lime) 
CaCO3 
(s2: calcite) 
Ca5Si2O9.CO2 
(s: spurrite) 
Ca5Si2O9.2CO2 
(s: tilleyite) 
Al2O3 
(s: corundum) 
Ca3Al2O6 
(s: aluminate) 
Ca12A14O33 
(s: mayenite) 
CaAl2O4 
(s) 
CaAl4O7 
(s) 
CaAl12O19 
(s) 
Ca(OH)2 
(s: portlandite) 
SiH4O4 
(s: hydrosilica) 
Ca10Si12H42O55 
(s) 
Al2H2O4 
(s) 
Al(OH)3 
(s: gibbsite) 
CaAl2H20O14 
(s) 
Ca3Al2H12O12 
(s: hydrogarnet) 
Ca6Al2H64S3O50 
(s: Al-ettringite) 
Ca4Al2H24SO22 
(s: Al-monosulphate) 
Ca4Al2H22CO20 
(s: Al-monocarbonate) 
C  
 
H  
 
S  
 
CS  
 
23SC  
 
SC2  
 
SC3  
 
C  
 
CC  
 
CSC 25  
 
225 CSC  
 
A  
 
AC3  
 
712AC  
 
CA  
 
2CA  
 
6CA  
 
CH  
 
2SH  
 
21H12S10C  
 
AH  
 
3AH  
 
10CAH  
 
63AHC  
 
32H3SA6C
 
21HSAC4  
 
114 HCAC  
-94.1 
 
-57.8 
 
-215.8 
 
-390.7 
 
-944.2 
 
-551.6 
 
-700.5 
 
-151.8 
 
-288.4 
 
-1395.8 
 
-1520.7 
 
-400.5 
 
-851.1 
 
-4630.5 
 
-555.5 
 
-955.9 
 
-2558.4 
 
-235.7 
 
-354.0 
 
-5822.0 
 
-479.0 
 
-618.2 
 
-1271.5 
 
-1317.6 
 
-4191.0 
 
-2091.3 
 
-1971.8 
51.1 
 
45.1 
 
9.8 
 
19.1 
 
49.1 
 
30.6 
 
40.4 
 
9.0 
 
21.2 
 
78.9 
 
93.4 
 
12.1 
 
49.0 
 
249.7 
 
27.5 
 
42.5 
 
93.0 
 
19.9 
 
46.0 
 
386.3 
 
16.8 
 
33.5 
 
119.7 
 
90.0 
 
454.1 
 
196.2 
 
157.0 
24.70 
 
6.16 
 
0.51 
 
35.63 
 
93.89 
 
3.78 
 
4.30 
 
14.05 
 
24.98 
 
146.77 
 
160.76 
 
37.05 
 
8.03 
 
301.96 
 
54.26 
 
80.78 
 
237.27 
 
-16.80 
 
29.40 
 
264.40 
 
28.87 
 
17.30 
 
36.09 
 
61.68 
 
463.43 
 
141.97 
 
147.71 
-1.13 
 
3.57 
 
47.77 
 
- 
 
- 
 
138.00 
 
190.00 
 
- 
 
5.24 
 
-0.84 
 
2.81 
 
- 
 
221.00 
 
65.50 
 
- 
 
- 
 
- 
 
244.90 
 
- 
 
540.00 
 
8.40 
 
91.20 
 
266.01 
 
139.90 
 
188.57 
 
279.16 
 
234.70 
- 
 
-0.01 
 
-5.25 
 
- 
 
- 
 
-18.40 
 
-26.00 
 
- 
 
- 
 
- 
 
- 
 
- 
 
-31.00 
 
- 
 
- 
 
- 
 
- 
 
-50.71 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
5.19x10-12 
 
- 
 
- 
-0.09 
 
-0.07 
 
- 
 
-8.75 
 
-25.47 
 
- 
 
- 
 
-2.74 
 
-6.20 
 
-5.96 
 
- 
 
-9.23 
 
- 
 
-55.30 
 
-1.34 
 
-28.90 
 
-67.27 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
-6.19 
-417.85 
 
- 
 
- 
 
-164.98 
 
-525.83 
 
- 
 
- 
 
-32.00 
 
- 
 
-996.18 
 
-1032.22 
 
-198.00 
 
- 
 
- 
 
-398.92 
 
-244.31 
 
-1278.69 
 
- 
 
- 
 
- 
 
- 
 
- 
 
764.82 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
115.76 
 
328.30 
 
- 
 
- 
 
24.61 
 
- 
 
- 
 
-0.95 
 
97.77 
 
- 
 
- 
 
-20.44 
 
361.04 
 
895.55 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
2.37 
 
- 
 
- 
 
9.12 
 
12.80 
 
- 
 
- 
 
- 
 
- 
 
- 
 
15.20 
 
- 
 
- 
 
- 
 
- 
 
36.76 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
-2.71x10-12 
 
- 
 
- 
26.30 
 
2.65 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
[30] 
 
[30] 
 
[6] 
 
[30] 
 
[30] 
 
[6] 
 
[6] 
 
[30] 
 
[30] 
 
[31] 
 
[31] 
 
[30] 
 
[6] 
 
[30] 
 
[30] 
 
[30] 
 
[30] 
 
[30] 
 
[30] 
 
[30] 
 
[30] 
 
[30] 
 
[30] 
 
[6] 
 
[6] 
 
[6] 
 
[6] 
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II. Thermodynamic Calculations 
 
Table II.1: two-phase equilibrium calculations for the construction of the chemical potential 
diagram of the CaO-SiO2-Al2O3 system at 1500ºC and 1437ºC. 
Equilibrium Calculations 
Reaction independent of a(Al2O3) / a(CaO) ratio:      
R2.30
T)T/(
RT2.30
∆G
CaO
SiOlog R2
63 10C10BA
a
a −− ×+×+
==







 
Gibbs Energy Coefficients A B C 
1)CaO(SCSC3 3 =⇔+ a  
CSC4SC3S 23 +⇔+  
1)SiO(CSSC 221221 =+⇔ a  
1)CaO(SCSC2 2 =⇔+ a  
CCS3SCS 2 +⇔+  
1)SiO(SCCS 2 =+⇔ a  
-32.47 
-40.81 
17.28 
-34.56 
2.034 
22.36 
10.54 
3.449 
-4.383 
8.766 
-13.93 
-1.202 
-8.9354 
-1.9025 
3.5887 
-7.1772 
14.069 
0.09502 
Reaction independent of a(SiO2) / a(CaO) ratio:      
R2.30
T)T/(
RT2.30
∆G
CaO
OAllog R32
63 10F10ED
a
a −− ×+×+
==







 
Gibbs Energy Coefficients D E F 
1)CaO(AC3 3 =⇔+ aCA  
CCA2ACA 3 +⇔+  
CCA2CA3A 2 +⇔+  
CCACAA 643247 +⇔+  
1)OAl(CA6CA 326 =+⇔ a  
CAS2CASA 2 +⇔+  
CCASCS2A 2 +⇔+  
CACACA 712943919 +⇔+  
CCAACA 51971252 +⇔+  
0.7871 
-7.333 
3.702 
2.325 
4.036 
24.92 
18.62 
-4.645 
-9.762 
2.537 
-15.32 
-0.5172 
9.645 
10.11 
-2.346 
-6.271 
-29.28 
-2.751 
-7.6946 
8.9703 
0.23390 
-1.1430 
-0.98131 
2.3316 
-0.11670 
16.101 
2.5523 
Reaction dependent of both activities ratios:   
R2.30
T)T/(
CaO
SiOlog.
RT2.30
∆G
CaO
SiOlog.
CaO
OAllog 2R232
63 10I10HG
a
a
a
a
a
a −− ×+×+
+






=+






=






 ββ  
Equation Slope and Gibbs Energy Coefficients β G H I 
SACSCA 33 +⇔+      
SACASCC 34323431 +⇔++  
CSCASCA 3132232 ++⇔+  
CSCASCA 2121221221 ++⇔+  
CSCASCA 181118761832187 ++⇔+  
CCASASCS 35223432 +⇔++  
CSCACASA 173171461742177 ++⇔+  
1)SiO(CASAS2C 22 =⇔++ a  
1)OAl(ASCCAS 32313231231 =++⇔ a  
1)OAl(SAAS 32 =+⇔ a  
1)SiO(ASSA 2 =⇔+ a  
CSACSCA 212211971221322119 ++⇔+  
1 
1.33 
0.67 
0.50 
0.39 
-0.67 
0.82 
2.00 
0.67 
1.00 
1.00 
0.90 
33.26 
46.86 
19.76 
15.75 
12.77 
19.97 
9.798 
-26.10 
8.700 
0.5927 
-0.5927 
30.31 
-8.000 
-9.150 
-12.23 
-9.305 
-5.094 
-15.55 
-0.7867 
-3.867 
1.289 
3.106 
-3.106 
-15.26 
1.2408 
1.8750 
5.4226 
4.1255 
2.9547 
9.2629 
0.35720 
-0.30675 
0.10225 
-1.0124 
1.0124 
6.4477 
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Table II.2: three-phase equilibrium calculations for the construction of the chemical potential 
diagram of the CaO-SiO2-Al2O3 system at 1500ºC and 1437ºC. 
Equilibrium Calculations 
Triple Points fixed by both activities ratios: 
R2.30
T)T/(
RT2.30
∆G∆G
CaO
SiOlog 122
63
1
10L10KJK
a
a
−− ×+×+
=




 −
=







 
R2.30
T)T/(
RT2.30
∆G.∆G.
CaO
OAllog 2132
63
32 10O10NMKK
a
a
−− ×+×+
=




 −
=







 
Gibbs Energy Coefficients J K L M N O 
ACSCC 33 −−  
ACSCSC 332 −−  
CAACSC 32 −−  
22 CACASC −−  
622 CACASC −−  
262 CASCASC −−  
22 CASSCS −−  
26 CASCAA −−  
2CASASA −−  
2CASASS −−  
SCACC 23 −−  
SCACAC 27123 −−  
SCACCA 2712 −−  
SCCASCS 22 −−  
SCASCS 2 −−  
-32.47 
-40.81 
-40.65 
-24.09 
-26.85 
6.828 
17.28 
-6.996 
24.32 
25.51 
-34.56 
-38.621 
-44.29 
2.034 
22.36 
10.54 
3.449 
-4.626 
17.58 
37.90 
-9.910 
-4.383 
13.23 
-5.452 
0.7608 
8.766 
-15.10 
14.23 
-13.93 
-1.202 
-8.9354 
-1.9025 
5.3215 
-7.7831 
-10.537 
5.9762 
3.5886 
-1.6253 
3.3440 
1.3192 
-7.1772 
10.670 
-4.3054 
14.069 
0.09502 
0.7871 
-7.559 
-7.333 
3.702 
2.325 
15.42 
8.455 
4.036 
24.92 
24.92 
0.7871 
-4.635 
-9.762 
18.62 
18.62 
2.537 
-4.551 
-15.32 
-0.5172 
9.645 
-8.948 
-12.63 
10.11 
-2.346 
-2.346 
2.537 
-29.28 
-2.751 
-6.271 
-6.271 
-7.6946 
-0.66169 
8.9703 
0.23390 
-1.1430 
5.2787 
6.8705 
-0.98131 
2.3316 
2.3316 
-7.6946 
16.101 
2.5523 
-0.11670 
-0.11670 
 
a) 
 
b) 
 
Fig. II.1: predictions of stability diagrams for the CaO-SiO2-Al2O3 system: a) at 1500ºC; b) at 1437ºC. 
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Table II.3: two-phase equilibrium calculations for the construction of the chemical potential 
diagram of the CaO-SiO2-CO2 system at room temperature. 
Equilibrium Calculations 
Reaction independent of CO2 pressure: 
R2.30
T)T/(
RT2.30
∆G
SiO
CaOlog R
2
63 10C10BA
a
a
−− ×+×+
==







 
Gibbs Energy Coefficients A B C 
1)SiO(CSSC 2 =⇔+ a  
SSC2CS5C 23 +⇔+  
SSC5SC3C 223 +⇔+  
1)CaO(SC2SC2 =+⇔ a  
SSC3SC4C 32 +⇔+  
(1)
 
-23.00 
0.19 
10.86 
32.27 
41.03 
-0.6704 
-0.4037 
-6.631 
2.453 
-0.0178 
0.50487 
-1.4948 
-3.8796 
0.46703 
0.10728 
Reaction independent of activity ratio: 
R2.30
T)T/(
RT2.30
∆G)p(COlog R2
63 10F10ED −− ×+×+
==  
Gibbs Energy Coefficients D E F 
22525 CSCCCSC ⇔+  
1)CaO(CCCC =⇔+ a  
-35.18 
-47.41 
55.42 
58.71 
-11.749 
-9.7790 
Reaction dependent of both CO2 pressure and activity ratio:    
R2.30
T)T/(
SiO
CaOlog.
RT2.30
∆G
SiO
CaOlog.)p(COlog
2
R
2
2
63 10I10HG
a
a
a
a −− ×+×+
+







=+







= ββ  
Equation Slope and Gibbs Energy Coefficients β G H I 
1)SiO(CCCC 2 =⇔+ a      
SCCCCSC 212121 +⇔++      
SCSCCCSC 43225214743 +⇔++      
SCSCCSCC 52225212310752 +⇔++      
SCCCCSCC 52572255152 +⇔++      
SCSCCSCC 5425235754 +⇔++      
SCSCCSCC 312523731 +⇔++      
SCCCCSCC 3167256131 +⇔++      
1)CaO(CSCCS2C5 25 =⇔++ a  
CCSCCSCS 412534741 +⇔++  
(1)
 
SCCCSCC 4134141 +⇔++  
(1)
 
-1.00 
-0.50 
-0.75 
-0.40 
-0.40 
-0.80 
-0.33 
-0.33 
2.00 
0.25 
-0.25 
-47.41 
-35.91 
35.24 
-35.31 
-36.17 
-35.44 
-40.51 
-36.01 
-115.80 
-64.44 
-40.07 
58.71 
59.05 
56.57 
56.71 
60.04 
57.99 
61.09 
59.27 
55.37 
61.10 
59.53 
-9.7790 
-10.031 
-10.935 
-10.412 
-9.6699 
-9.0753 
-7.2649 
-10.016 
-8.3546 
-7.3274 
-9.6323 
(1)
 C3S retained by fast cooling. 
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Table II.4: three-phase equilibrium calculations for the construction of the chemical potential 
diagram of the CaO-SiO2-CO2 system at room temperature. 
Equilibrium Calculations 
Triple Points fixed by both CO2 pressure and activity ratio: 
R2.30
T)T/(
RT2.30
∆G∆G
SiO
CaOlog 12
2
63
1
10L10KJK
a
a
−− ×+×+
=




 −
=







 
R2.30
T)T/(
RT2.30
∆G.∆G.)p(COlog 212
63
32 10O10NMKK
−− ×+×+
=




 −
=  
Gibbs Energy Coefficients J K L M N O 
CCCSS −−  
CCCSCCS 225 −−  
22523 CSCSCCS −−  
2252523 CSCCSCSC −−  
CCCSCCSC 22525 −−  
CSCSCSC 25223 −−  
CSCSCC 252 −−  
CCCSCC 25 −−  
SCCSCSC 3252 −−  
(1)
 
CCCSCSC 253 −−  
(1)
 
-23.00 
2.665 
0.1928 
-0.3278 
-2.491 
10.86 
32.27 
34.20 
41.03 
48.74 
-67.04 
-9.911 
-0.4037 
3.223 
11.54 
-6.631 
2.453 
1.670 
-0.0178 
-3.148 
0.50487 
-3.6153 
-1.4948 
3.3420 
5.1974 
-3.8796 
0.46703 
-0.71222 
0.10728 
-4.6097 
-24.41 
-37.24 
-35.39 
-35.18 
-35.18 
-49.13 
-51.26 
-47.41 
-54.18 
-52.25 
59.38 
64.00 
56.87 
55.42 
55.42 
63.30 
60.28 
58.72 
61.10 
60.32 
-10.284 
-8.2238 
-9.8142 
-11.748 
-11.748 
-5.9717 
-7.4205 
-9.7790 
-7.3006 
-8.4799 
(1)
 C3S retained by fast cooling. 
 
 
a) 
 
b) 
 
 
Fig. II.2: predictions of stability diagrams for the CaO-SiO2-CO2 system at 25ºC: a) in the presence of C3S; 
b) in the absence of C3S. 
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Table II.5: two-phase equilibrium calculations for the construction of the chemical potential 
diagram of the CaO-Al2O3-H2O system at room temperature. 
Equilibrium Calculations 
Reaction independent of H2O pressure: 
R2.30
T)T/(
RT2.30
∆G
OAl
CaOlog R
32
63 10C10BA
a
a −− ×+×+
==







 
Gibbs Energy Coefficients A B C 
1)OAl(CACA6 326 =⇔+ a  
ACACAC 247643 +⇔+  
ACA3CA2C 2 +⇔+  
1)CaO(ACCA =+⇔ a  
AACCAC 71252519 +⇔+  
(2) 
AACACC 391971294 +⇔+  
(2) 
-3.582 
-2.622 
-3.208 
3.091 
9.928 
12.61 
-11.71 
-8.585 
-1.166 
7.005 
2.283 
4.217 
2.1529 
0.35481 
0.96214 
-1.0710 
-2.2958 
-0.06883 
Reaction independent of activity ratio: 
R2.30
T)T/(
RT2.30
∆GO)p(Hlog R2
63 10F10ED −− ×+×+
==  
Gibbs Energy Coefficients D E F 
1)OAl(AHHA 32 =⇔+ a  
32
1
2
1 AHHAH ⇔+  
636
136
1 AHCHAC ⇔+  (2) 
-20.73 
-13.79 
-21.09 
40.56 
46.11 
43.61 
0.28891 
-9.6259 
-5.3160 
Reaction dependent of both H2O pressure and activity ratio:    
R2.30
T)T/(
OAl
CaOlog.
RT2.30
∆G
OAl
CaOlog.O)p(Hlog
32
R
32
2
63 10I10HG
a
a
a
a −− ×+×+
+







=+







= ββ  
Equation Slope and Gibbs Energy Coefficients β G H I 
CAHHCAA 7167171 +⇔++      
CAHHCAA 3123131 +⇔++  
CAHHCAA 212121 +⇔++  
CAHCHCAC 12263122124122 +⇔++  
1)CaO(AHCHAC 63616163 =⇔++ a  
AAHCHAH2C 23632123 +⇔++  
ACAHHAHC 8110818281 +⇔++  
CCAHHAHCA 2821028463282282 +⇔++  
ACAHHAHC 41104134241 +⇔++  
AAHCHACC 1149631141971211441149 +⇔++  
(2) 
0.14 
0.33 
0.50 
-0.17 
0.17 
-1.50 
-0.13 
0.07 
-0.25 
-0.08 
-20.21 
-19.71 
-19.18 
-19.22 
-20.25 
-19.31 
-14.08 
-13.33 
-14.36 
-20.09 
42.23 
43.87 
44.06 
44.15 
41.81 
44.31 
42.78 
42.57 
39.46 
43.94 
-0.01865 
-0.08623 
-0.24659 
-5.5228 
-5.1658 
-16.075 
-11.694 
-11.068 
-13.761 
-5.3215 
(2)
 C3A and C12A7 retained by fast cooling. 
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Table II.6: three-phase equilibrium calculations for the construction of the chemical potential 
diagram of the CaO-Al2O3-H2O system at room temperature. 
Equilibrium Calculations 
Triple Points fixed by both H2O pressure and activity ratio: 
R2.30
T)T/(
RT2.30
∆G∆G
OAl
CaOlog 12
32
63
1
10L10KJK
a
a
−− ×+×+
=




 −
=







 
R2.30
T)T/(
RT2.30
∆G.∆G.O)p(Hlog 212
63
32 10O10NMKK
−− ×+×+
=




 −
=  
Gibbs Energy Coefficients J K L M N O 
AHCAA 6 −−  
26 CACAAH −−  
2CACAAH −−  
63AHCACAAH −−  
63AHCACAC −−  
6310 AHCACAHAH −−  
310 AHCAHAH −−  
71263 ACAHCCA −−  
(2) 
712633 ACAHCAC −−  
(2) 
-3.582 
-2.622 
-3.208 
-0.0631 
3.091 
-3.804 
-2.251 
9.928 
12.61 
-11.71 
-8.585 
-1.166 
0.1257 
7.005 
1.111 
-26.59 
2.283 
4.217 
2.1529 
0.35481 
0.96214 
-7.9144 
-1.0710 
-3.1867 
-16.542 
-2.2958 
-0.06883 
-20.73 
-20.59 
-20.78 
-19.21 
-19.74 
-13.60 
-13.79 
-20.88 
-21.09 
40.56 
41.01 
43.48 
44.12 
42.98 
42.65 
46.11 
43.76 
43.61 
0.28891 
0.03204 
0.23449 
-4.2038 
-5.3443 
-11.295 
-9.6259 
-5.1402 
-5.3160 
(2)
 C3A and C12A7 retained by fast cooling. 
 
 
a) 
 
b) 
 
 
Fig. II.3: predictions of stability diagrams for the CaO-Al2O3-H2O system at 25ºC: a) in the presence of C3A 
and C12A7; b) in the absence of C3A and C12A7. 
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Table II.7: two-phase equilibrium calculations for the construction of the chemical potential diagram of 
the CaO-Al2O3-H2O-CaSO4 system at room temperature. 
Equilibrium Calculations 
Reaction independent of H2O pressure: 
R2.30
T)T/(
RT2.30
∆G
OAl
CaOlog R
32
63 10C10BA
a
a −− ×+×+
==







 
Gibbs Energy Coefficients A B C 
1)OAl(CACA6 326 =⇔+ a  
ACACAC 247643 +⇔+  
ACA3CA2C 2 +⇔+  
1)CaO(ACCA =+⇔ a  
AACCAC 71252519 +⇔+  
(2) 
AACACC 391971294 +⇔+  
(2) 
-3.582 
-2.622 
-3.208 
3.091 
9.928 
12.61 
-11.71 
-8.585 
-1.166 
7.005 
2.283 
4.217 
2.1529 
0.35481 
0.96214 
-1.0710 
-2.2958 
-0.06883 
Reaction independent of activity ratio: 
R2.30
T)T/(
RT2.30
∆GO)p(Hlog R2
63 10F10ED −− ×+×+
==  
Gibbs Energy Coefficients D E F 
1)OAl(AHHA 32 =⇔+ a  
32
1
2
1 AHHAH ⇔+  
636
136
1 AHCHAC ⇔+  (2) 
1236
1
6
1636
1 HSACHSCAHC ⇔++  (3) 
323620
1
20
212420
1 HSACHSCHSAC ⇔++  (3) 
-20.73 
-13.79 
-21.09 
-15.30 
-13.08 
40.56 
46.11 
43.61 
39.51 
36.05 
0.28891 
-9.6259 
-5.3160 
-11.882 
-1.8992 
Reaction dependent of both H2O pressure and activity ratio:    
R2.30
T)T/(
OAl
CaOlog.
RT2.30
∆G
OAl
CaOlog.O)p(Hlog
32
R
32
2
63 10I10HG
a
a
a
a −− ×+×+
+







=+







= ββ  
Equation Slope and Gibbs Energy Coefficients β G H I 
CAHHCAA 7167171 +⇔++      
CAHHCAA 3123131 +⇔++  
CAHHCAA 212121 +⇔++  
CAHCHCAC 12263122124122 +⇔++  
1)CaO(AHCHAC 63616163 =⇔++ a  
AAHCHAH2C 23632123 +⇔++  
AAHCHACC 1149631141971211441149 +⇔++  
(2)
 
AHSACHSCAHC 8312441818483 +⇔+++  
(3) 
AHSACHSCAHC 2833236281283284282 +⇔+++  
(3) 
AHSACHSCAHC 20332362012033204203 +⇔+++  
(3) 
0.14 
0.33 
0.50 
-0.17 
0.17 
-1.50 
-0.08 
-0.38 
-0.11 
-0.15 
-20.21 
-19.71 
-19.18 
-19.22 
-20.25 
-19.31 
-20.09 
-16.30 
-13.99 
-14.08 
42.23 
43.87 
44.06 
44.15 
41.81 
44.31 
43.94 
40.71 
37.38 
33.89 
-0.01865 
-0.08623 
-0.24659 
-5.5228 
-5.1658 
-16.075 
-5.3215 
-12.930 
-5.0510 
-3.2210 
(2)
 C3A and C12A7 retained by fast cooling. 
(3)
 Unitary contribution of CaSO4. 
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Table II.8: three-phase equilibrium calculations for the construction of the chemical potential 
diagram of the CaO-Al2O3-H2O-CaSO4 system at room temperature. 
Equilibrium Calculations 
Triple Points fixed by both H2O pressure and activity ratio: 
R2.30
T)T/(
RT2.30
∆G∆G
OAl
CaOlog 12
32
63
1
10L10KJK
a
a
−− ×+×+
=




 −
=







 
R2.30
T)T/(
RT2.30
∆G.∆G.O)p(Hlog 212
63
32 10O10NMKK
−− ×+×+
=




 −
=  
Gibbs Energy Coefficients J K L M N O 
AHCAA 6 −−  
26 CACAAH −−  
2CACAAH −−  
63AHCACAAH −−  
63AHCACAC −−  
71263 ACAHCCA −−  
(2) 
712633 ACAHCAC −−  
(2)
 
12463 HSACAHCAH −−  
(3) 
1243236 HSACHSACAH −−  
(3) 
33236 AHHSACAH −−  
(3) 
-3.582 
-2.622 
-3.208 
-0.0631 
3.091 
9.928 
12.61 
-2.674 
-8.587 
-1.902 
-11.71 
-8.585 
-1.166 
0.1257 
7.005 
2.283 
4.217 
3.201 
12.43 
-81.45 
2.1529 
0.35481 
0.96214 
-7.9144 
-1.0710 
-2.2958 
-0.06883 
-2.7955 
-29.417 
42.699 
-20.73 
-20.59 
-20.78 
-19.21 
-19.74 
-20.88 
-21.09 
-15.30 
-13.08 
-13.79 
40.56 
41.01 
43.48 
44.12 
42.98 
43.76 
43.61 
39.51 
36.05 
4.611 
0.28891 
0.03204 
0.23449 
-4.2038 
-5.3443 
-5.1402 
-5.3160 
-11.882 
-1.8992 
-9.6259 
(2)
 C3A and C12A7 retained by fast cooling. 
(3)
 Unitary contribution of CaSO4. 
 
a) 
 
b) 
 
 
Fig. II.4: predictions of stability diagrams for the CaO-Al2O3-H2O-CaSO4 system at 25ºC: a) in the presence 
of C3A and C12A7; b) in the absence of C3A and C12A7. 
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Table II.9: two-phase equilibrium calculations for the construction of the chemical potential 
diagram of the CaO-SiO2-H2O system at room temperature. 
Equilibrium Calculations 
Reaction independent of H2O pressure: 
R2.30
T)T/(
RT2.30
∆G
SiO
CaOlog R
2
63 10C10BA
a
a −− ×+×+
==







 
Gibbs Energy Coefficients A B C 
1)SiO(CSSC 2 =⇔+ a  
SSC2CS5C 23 +⇔+  
SSC5SC3C 223 +⇔+  
1)CaO(SC2SC2 =+⇔ a  
SSC3SC4C 32 +⇔+  
(1)
 
-23.00 
0.19 
10.86 
32.27 
41.03 
-0.6704 
-0.4037 
-6.631 
2.453 
-0.0178 
0.50487 
-1.4948 
-3.8796 
0.46703 
0.10728 
Reaction independent of activity ratio: 
R2.30
T)T/(
RT2.30
∆GO)p(Hlog R2
63 10F10ED −− ×+×+
==  
Gibbs Energy Coefficients D E F 
1)SiO(SHHS 222121 =⇔+ a  
1)CaO(CHHC =⇔+ a  
-11.43 
-27.89 
27.39 
42.76 
0.66192 
-9.3343 
Reaction dependent of both H2O pressure and activity ratio:    
R2.30
T)T/(
SiO
CaOlog.
RT2.30
∆G
SiO
CaOlog.O)p(Hlog
2
R
2
2
63 10I10HG
a
a
a
a −− ×+×+
+







=+







= ββ  
Equation Slope and Gibbs Energy Coefficients β G H I 
CSHHHSCS 2310223222112102312310 +⇔++      
CSHHCSS 412214141 +⇔++  
CHSCHCSS 2112112102112111211 +⇔++  
S12CH22HHSCC12 211210 +⇔++  
SCHHCSC 212121 +⇔++  
SCHHSCC 52235152 +⇔++  
SCHHSCC 3123131 +⇔++  
SCHHSCC 4134141 +⇔++  
(1) 
0.43 
0.25 
0.05 
-12.00 
-0.50 
-0.40 
-0.33 
-0.25 
0.8386 
-5.678 
-12.82 
-91.53 
-16.39 
-16.41 
-17.14 
-20.56 
14.49 
27.55 
41.86 
69.06 
43.09 
43.14 
43.58 
43.58 
5.7689 
0.53570 
-5.1959 
-101.80 
-9.5868 
-9.4373 
-9.1786 
-9.1876 
(1)
 C3S retained by fast cooling. 
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Table II.10: three-phase equilibrium calculations for the construction of the chemical potential 
diagram of the CaO-SiO2-H2O system at room temperature. 
Equilibrium Calculations 
Triple Points fixed by both H2O pressure and activity ratio: 
R2.30
T)T/(
RT2.30
∆G∆G
SiO
CaOlog 12
2
63
1
10L10KJK
a
a
−− ×+×+
=




 −
=







 
R2.30
T)T/(
RT2.30
∆G.∆G.O)p(Hlog 212
63
32 10O10NMKK
−− ×+×+
=




 −
=  
Gibbs Energy Coefficients J K L M N O 
CSSHS 2 −−  
CSSHHSC 2211210 −−  
CSCHHSC 211210 −−  
CSCHSC 23 −−  
SCCHSC 223 −−  
SCCHC 2−−  
SCCHSC 23 −−  
(1) 
-23.00 
-35.27 
-6.534 
0.1928 
10.86 
32.27 
41.03 
-0.6704 
70.68 
2.258 
-0.4037 
-6.631 
2.453 
-0.0178 
0.50487 
-28.321 
-8.0181 
-1.4948 
-3.8796 
0.46703 
0.10728 
-11.43 
-14.50 
-13.13 
-16.49 
-20.76 
-27.89 
-30.81 
27.39 
45.22 
41.97 
43.30 
45.79 
42.76 
43.58 
0.66192 
-6.5445 
-5.5777 
-8.8394 
-7.8855 
-9.3343 
-9.2144 
(1)
 C3S retained by fast cooling. 
 
 
a) 
 
b) 
 
 
Fig. II.5: predictions of stability diagrams for the CaO-SiO2-H2O system at 25ºC: a) in the presence of C3S; 
b) in the absence of C3S. 
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Table II.11: two-phase equilibrium calculations for the construction of the chemical potential 
diagram of the CaO-SiO2-H2O-CO2 system at room temperature and different water pressure. 
Equilibrium Calculations 
Reaction independent of CO2 pressure: 
O)p(Hlog.
R2.30
T)T/(O)p(Hlog.
RT2.30
∆G
SiO
CaOlog 22R
2
αα +
×+×+
=+=






 −− 63 10C10BA
a
a
 
Gibbs Energy Coefficients A B C α 
SH4CSSH2C 2 ++⇔+  
SCHH2CSC +⇔++  
SHHSCSHC 102321121010121022 ++⇔+  
SCHHHSCC 1222121211210121 +⇔++  
22.71 
-32.79 
-1.929 
-7.628 
-110.2 
86.19 
-33.34 
5.755 
-2.1428 
-19.174 
-13.269 
-8.4829 
4.00 
-2.00 
2.30 
-0.08 
Reaction independent of activity ratio: 
O)p(Hlog.
R2.30
T)T/(O)p(Hlog.
RT2.30
∆G)p(COlog 22R2 pipi +
×+×+
=+=
−− 63 10F10ED
 
Gibbs Energy Coefficients D E F pi 
HCCCCH +⇔+  -19.51 15.95 -0.44471 1.00 
Reaction dependent of both CO2 pressure and activity ratio:    
O)p(Hlog.
R2.30
T)T/(
SiO
CaOlog.
O)p(Hlog.
RT2.30
∆G
SiO
CaOlog.)p(COlog
2
2
2
R
2
2
ρβ
ρβ
+
×+×+
+







=
=++







=
−− 63 10I10HG
a
a
a
a
 
Equation Slope and Gibbs Energy Coefficients β G H I ρ 
SH2CCCSHC 2 ++⇔++      
SCCCCSC 212121 +⇔++  
SHCCCHSCC 221212212112102212212 ++⇔++
 
2.00 
-0.50 
-0.55 
-24.55 
-35.91 
-23.67 
3.939 
59.05 
19.09 
-11.103 
-10.032 
-5.0717 
2.00 
0.00 
0.95 
 
 
 
Table II.12: three-phase equilibrium calculations for the construction of the chemical potential diagram of the 
CaO-SiO2-H2O-CO2 system at room temperature and different water pressure. 
Equilibrium Calculations 
Triple Points fixed by CO2 pressure and activity ratio: 
O)p(Hlog.
R2.30
T)T/(O)p(Hlog.
RT2.30
∆G∆G
SiO
CaOlog 2212
2
υυ +
×+×+
=+




 −
=






 −− 63
1
10L10KJK
a
a
 
O)p(Hlog.
R2.30
T)T/(O)p(Hlog.
RT2.30
∆G.∆G.)p(COlog 22212 ωω +
×+×+
=+




 −
=
−− 63
32 10O10NMKK
 
Gibbs Energy Coefficients J K L υ M N O ω 
CSSHCC 2 −−  
CSCHCC −−  
CCHSCSH 2112102 −−  
CCHSCCH 211210 −−
 
22.71 
-32.79 
-1.929 
-7.628 
-110.2 
86.19 
-33.34 
5.755 
-2.1428 
-19.174 
-13.269 
-8.4829 
4.00 
-2.00 
2.30 
-0.08 
-47.26 
-19.51 
-22.62 
-19.51 
114.2 
15.96 
37.27 
15.96 
-8.9601 
-0.44471 
2.1656 
-0.44471 
-2.00 
1.00 
-0.30 
0.99 
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a) 
 
b) 
 
 
Fig. II.6: predictions of stability diagrams for the CaO-SiO2-H2O-CO2 system at 25ºC: a) p(H2O) = 0.03 atm; 
b) p(H2O) = 0.30 atm. 
 
 
Table II.13: two-phase equilibrium calculations for the construction of the chemical potential 
diagram of the CaO-Al2O3-H2O-CO2 system at room temperature and p(H2O) = 0.03 atm. 
Equilibrium Calculations 
Reaction independent of CO2 pressure: 
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Gibbs Energy Coefficients A B C α 
AAHCHAHC 63313234 +⇔++  -12.78 29.54 -10.717 -0.66 
Reaction dependent of both CO2 pressure and activity ratio:    
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Equation Slope and Gibbs Energy Coefficients β G H I ρ 
AHCCCAHC ++⇔++      
A4HCACCH6AH5C4 114 +⇔+++  
AHCACCHAHCC 41114414634541 +⇔+++  
AHCCCHCACC 414111144141 ++⇔++  
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Table II.14: three-phase equilibrium calculations for the construction of the chemical potential diagram of the 
CaO-Al2O3-H2O-CO2 system at room temperature and p(H2O) = 0.03 atm. 
Equilibrium Calculations 
Triple Points fixed by CO2 pressure and activity ratio: 
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Fig. II.7: predictions of stability diagrams for the CaO-Al2O3-H2O-CO2 system at 25ºC and 0.03 atm of water 
pressure. 
 
 
III. Chemical potential diagrams vs. classical phase diagrams 
 
Considering the CaO-SiO2-Al2O3 system, unless alite (C3S), belite (C2S) or 
aluminate (C3A) phases are close to end-members CaO, SiO2 or Al2O3, the activity 
(reactivity) of these components should be different from corresponding 
predictions for ideal mixing. Thus, the introduction of activities in phase diagrams 
allows new ways of inspecting the behaviour of systems subject not only to 
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compositional changes, but also to environmental factors such as pressure and 
temperature. Fig. III.1 shows a chemical potential (activities) diagram drawn for the 
CaO-SiO2-Al2O3 system along with the corresponding classical phase diagram. 
 
a) 
 
b) 
 
Fig. III.1: diagrams for the CaO-SiO2-Al2O3 system: a) chemical potential diagram; b) classical diagram. 
 
Contrary to classical representations, one can easily see stability areas in 
chemical activities diagrams for every phase and take rapid conclusions about 
their stability as temperature changes (see the stability differences between the 
activities diagrams at 1400ºC and 1500ºC). Chemical potential diagrams can 
finally remain a useful tool to address the effect of gaseous species in phase 
stability of a system, by simple and more intuitive representations than standard 
non-condensed phase diagrams. Thus, chemical activities diagrams prove to be a 
useful alternative to classical compositional diagrams and should be taken 
seriously in consideration in the future of thermodynamic assessments. 
 
 
 
